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With increasing environmental pollution and climate change there is an urgent need for innovative solutions
to tackle these challenges. However, especially since we live in the age of plastics with a linear economy it is
important to not only look at their recyclability, biodegradability or that they are made from renewable
resources, but also their whole lifecycle from resourcing to end-of-life treatment in order to achieve
circularity. Inverse vulcanised polymers are claimed to be a green and more sustainable alternative to
a wide range of materials for applications in energy storage, separation systems, construction and
agriculture to just name a few. The use of waste material for their synthesis as well as the unique

iig:gfez %g?hhgjfyzz%zzss properties of these materials might be a game changer. But the path to large scale industrial production
and application is still far as the scale-up comes with its own set of challenges. Herein, we take a closer

DOI: 10.1039/d55100387¢ look at the individual milestones in the lifecycle of inverse vulcanised polymers and how they can fit in as
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Due to a large overproduction of sulfur from fossil fuel refinement, it is often stockpiled in huge pyramids in the open where it can cause environmental
pollution. Inverse vulcanised polymers offer a solution for the utilisation of elemental sulfur and simultaneously provide beneficial properties for a large range
of applications from energy storage to environmental remediation. However, the type of monomer and its processing has a huge impact on the system
sustainability. The focused development of these materials could ultimately contribute to the UN sustainability goals 6 through waste water remediation, 7 with

better energy storage systems, 9 through innovative construction materials, and 12 due to economic symbiosis and waste valorisation.

Introduction

The world is facing an escalating environmental crisis, with the
depletion of natural resources and increasing pollution levels as
two major aspects. These challenges stem from our reliance on
a linear economic model, where resources are extracted, used,
and discarded as waste. This approach is not only wasteful but
also unsustainable in the face of finite resources and growing
environmental pressures. To ensure a sustainable future, we
must accelerate transformation to a circular economy, which
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emphasises the reuse, recycling, and regeneration of resources,
harnessing both existing materials and renewable resources to
minimise waste and environmental harm.

Among the most pressing environmental issues is pollution
caused by plastics and hazardous chemicals. In nature, these
pollutants persist for decades, harming wildlife, ecosystems,
and human health. Addressing this issue requires innovative
solutions, including the development of cleaner, safer, and
more sustainable materials. In this regard, legislative frame-
works play a key role in driving the systemic changes needed to
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tackle these challenges. Policies and regulations encourage
industries to adopt greener practices and develop sustainable
innovations. The European Green Deal,' and the associated
2020 chemicals strategy introduced by the European Commis-
sion,” is a prime example of such an initiative, demanding
change from the chemical sector and broader economy through
stringent environmental standards, ambitious sustainability
goals, and support for technologies that are safe and sustain-
able by design. These legislative efforts are essential for
achieving a balance between economic growth and environ-
mental protection, paving the way for a more sustainable future.
Over 80 measures—including product innovation, avoiding
poor or unsustainable products and processes, and compliance
with REACH and CLP regulations—help ensure rigorous scru-
tiny of chemical use, regulation, and data requirements. This
strategy has been met with significant opposition from
industry,® as the new restrictions could limit chemical diversity
with rapid bans on new chemicals arguably preventing the
development of future technologies. Equally, these measures
can also fuel the development of new and more sustainable
materials that are built from renewable resources and designed
to recirculate in chemical product streams.

One emerging class of innovative materials are polymers
with high sulfur content. Similar to other historical develop-
ments in the field of materials chemistry, their development
was sparked by the utilisation of low-value waste products
which otherwise are expensive to dispose or store. Traditionally,
the use of sulfur in polymer science has been associated with
the vulcanisation process, a process used to strengthen rubber.*
Inverse vulcanisation (IV) flips this concept on its head, using
sulfur as a major building block to create entirely new classes of
polymers, often with remarkable properties.® Inverse vulcanised
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Fig. 1 Potential product lifecycle of IV materials from sourcing to
production, packaging, use-phase to the end-of-life with possible
options for recycling and recovery of the materials.
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polymers have been called revolutionary in the context of
sustainable materials since their production exploits industrial
waste, is solvent-free and simple, and allows for incorporation
of renewable resources.®” The scope of this review article is the
investigation of these claims, exploring the advantages and
disadvantages associated with the use of inverse-vulcanised
materials, with a goal to identify the challenges that must be
overcome for the sustainable industrial-scale application of
these polymers. To gain full understanding of the environ-
mental impact of a product, one should not only consider their
production and the respective carbon footprint but also assess
the full lifespan of the product (Fig. 1). Therefore, the individual
phases in the lifecycle of inverse vulcanised polymers are ana-
lysed herein, from synthetic challenges in the lab, their scale-up
and their use-phase, and potential end-of-life treatments fol-
lowed by a sustainability consideration for each section.

The lifecycle of inverse vulcanised
materials
Resourcing: waste sulfur

Elemental sulfur originates from both natural and anthropo-
genic sources. Natural sources include volcanic emissions and
biological processes in sulfur-rich environments, such as
wetlands. Meanwhile, anthropogenically sourced sulfur is a by-
product of industrial activities, including the refining of fossil
fuels, natural gas processing, and mining (Table 1).® Over the
last decade, global sulfur production has remained relatively
stable at about 85 million metric tons per year.® However, due to
worldwide regulations limiting sulfur content in diesel, gaso-
line, and natural gas, a continuous rise of the global sulfur
surplus is expected in the foreseeable future. Even though the
natural deposits for oil and gas will be depleted at some point in
the future, the current surplus production of sulfur poses
enormous challenges for existing producers, leading to reduced
sulfur prices and even disposal costs in some regions. This
becomes relevant especially when the depletion of natural oil
reserves with low sulfur content (so-called sweet crude oil) leads
to the use of formerly untapped deposits that were avoided due
to high sulfur contaminations (sour crude oil)." Sulfur is
primarily used to produce sulfuric acid, one of the world's most
widely used base chemicals. However, this use competes with
sulfuric acid recovered from ore smelting, since it is essential

Table 1 Sulfur sources and the respective annual production®

Sulfur source Mass equivalents [10° t]

Frasch sulfur 1.1
Natural sulfur 0.7
Pyrite 4.2
Sulfide ore 11.6
Natural gas desulfurisation 7.9
Tar sand 15.9
Crude oil 11.2
Unspecified 4.6
Total 57.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Sulfur in Alberta, Canada. Source:

pyramids
www.enersul.com/operations/.
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for processing phosphate rock and metallurgical ore leaching.
Other existing utilisations of sulfur, such as in pigments,
pesticides, and rubber vulcanisation and use as an agricultural
nutrient, are well established and offer limited opportunities for
consuming significant new sulfur supplies.™

As the amount of sulfur deposited in large piles increases, so
could its environmental impact, particularly due to the expo-
sure of elemental sulfur to weathering." However, only a few
studies discuss the environmental impact of sulfur piles, which
are considered the main source of sulfur for inverse vulcanisa-
tion in this article. Wagenfeld et al. argued that long-term
storage of elemental sulfur in blocks, as done in e.g. Kaza-
khstan and Canada, results in minimal environmental impact
(Fig. 2).©

Nevertheless, potential risks remain, including groundwater
contamination and the release of volatile sulfur dust, especially
if the highest safety measures are not implemented.”® Since
research on the environmental impact of elemental sulfur is
limited, we will transfer results from studies on its agricultural
use and general exposure to weathering. While elemental sulfur
is considered non-toxic in the environment and non-
accumulative in the food chain, complex biological, chemical,
and physical processes influence its fate and potential envi-
ronmental effects.”* The most common transformation is the
oxidation of elemental sulfur into sulfates, which are readily
available for plant uptake. This process is primarily biological,
driven by diverse microorganisms such as chemolithotrophs
(e.g., Thiobacillus species), heterotrophic bacteria, and fungi.
Thiobacillus species, in particular, are key sulfur oxidisers
frequently detected near sulfur piles, potentially causing soil
acidification and groundwater contamination through sulfuric
acid production if runoff is not properly
managed."”*>'® Several factors influence microbial sulfur
oxidation, including soil texture, pH, organic matter content,
nutrient availability, microbial interactions in the rhizosphere,
temperature, and moisture levels. Therefore, examining soil
composition and pH near sulfur piles and mining plants is
crucial for assessing environmental harm.™ Given that these
sulfur piles are exposed to all weather conditions, heavy rainfall

rainwater
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and wind can intensify their environmental impact.*>** Studies
indicate that heavy rains can alter the biogeochemical cycle by
causing lateral subsurface sulfur transport, leading to soil
acidification, loss of soil fertility, depletion of base chemicals,
and water acidification."” However, the question of toxicity to
plants, fungi, aquatic animals, and humans remains complex.
While elemental sulfur is generally considered harmless,
existing data and studies are incomplete. Kuklinska et al. re-
ported that sulfur toxicity has been detected in certain fungi,
some plants, animals, and humans. In humans, sulfur exposure
can cause skin irritation, allergic reactions, respiratory issues,
and eye irritation. Toxicity can occur through ingestion of
contaminated food or inhalation of sulfur dust, fumes, and
smoke."'* More critical to human health are volatile sulfur
compounds such as hydrogen sulfide and sulfur dioxide, which
are highly toxic and can additionally contribute to air pollution
and acid rain.

Given these potential negative impacts, further research is
necessary to fully understand potential consequences.** Despite
these uncertainties of environmental harm, it is critical to
reduce the amount of sulfur stockpiled in the environment. One
part of the solution could be sulfur-rich polymers prepared by
inverse vulcanisation, a relatively recent advancement in
materials science, which has gained significant attention for its
potential to contribute substantially to the field of polymeric
materials with simultaneous beneficial effects on environ-
mental pollution.

Production phase: technical and economic challenges

Lab-scale synthesis. One of the first applications of
elemental sulfur was in the vulcanisation of natural rubbers.*
Since crude rubber contains unsaturated C=C bonds, making
it vulnerable to oxygen, ozone, and light with low resistance to
aromatic, aliphatic, and halogenated hydrocarbons, their
properties are insufficient for industrial applications. To
improve its resistance to degradation, natural rubber is
vulcanised. During this process, crude rubber such as natural
and synthetic rubber or acrylonitrile-butadiene-rubber is mixed
with about 3 wt% ground sulfur, along with accelerators and
activators, and then heated to around 150 °C." This process
converts raw gum-elastic polymeric material into a rubber-
elastic end product with adjustable properties like hardness
and elasticity, as a function of the degree of vulcanisation for
applications in tires for cars, trucks, bikes, and airplanes. With
higher sulfur loading and under controlled conditions, vulca-
nisation produces ebonite, a hard rubber first created by
Charles Goodyear through prolonged vulcanisation. Ebonite
contains about 30-40 wt% sulfur and was originally used as
a substitute for ebony wood.*® Further increasing the amount of
sulfur, i.e. reversing the ratios, results in inverse vulcanisation,
first established in 2013. Despite the extensive research on
inverse vulcanisation in the last decade, there are still many
unknown factors that influence reaction mechanisms and
kinetics, and material properties such as solubility and colour,
exacerbated by challenging characterisation as the products are
often both amorphous and insoluble.

RSC Sustainability, 2025, 3, 4190-4227 | 4193
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Understanding of kinetics, thermodynamics and the
mechanism

A full understanding of the kinetics of the inverse vulcanisation
process will help to better predict the outcome of such reactions
and the properties of the materials obtained thereof. This can
support the focused development of materials for specific
applications with consistent and predictable properties. In this
regard, fewer trial-and-error approaches are needed so the
development becomes more efficient and environmentally
friendly. Early work on the study of stable polymer materials
made from elemental sulfur is based on anionic sulfur copoly-
merisation with propylene sulfide following an anionic ring-
opening polymerisation pathway." The weak bond enthalpy of
the S-S bond of around 266 kJ mol " (C-C bond: 346 k] mol )
results in faster bond dissociation compared to that of C-C
bonds. Homolytic and heterolytic S-S bond cleavage mecha-
nisms have been proposed (Fig. 3), depending on the applied
temperature. Cleavage of the S-S bonds at elevated tempera-
tures forms ‘S-[S]¢-S° diradicals, which further polymerise
towards high-molecular weight polysulfides above temperatures
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of 159 °C.”>*** Heterolytic S-S bond cleavage under formation of
zwitterionic polysulfides in the form of +S-[S],-S— has been
proposed to take place above 200 °C.>** The role of homolytic
vs. heterolytic S-S bond fission in (inverse) vulcanisation is not
fully clarified yet and is still a topic of discussion in the litera-
ture.”® However, sulfur homopolymers are prone to depoly-
merisation due to the thermodynamically and entropically
favoured conformation of cyclic Ss<,<1, allotropes, resulting in
unstable materials.>® The invention of inverse vulcanisation in
2013 significantly changed the impact of sulfur polymer
chemistry in the scientific community. Stable high sulfur
content materials became available by the straightforward
reaction of elemental sulfur with unsaturated organic como-
nomers (so-called “cross-linkers”) at high temperatures. The
irreversible addition of sulfur to C=C double bonds under
formation of C-S bonds yielded stable materials with up to
90 wt% sulfur.”” Inverse vulcanisation can be seen as a bulk free-
radical polymerisation where sulfur acts as the initiator,
monomer, and solvent all at once. Yet, under certain condi-
tions, nucleophilic mechanisms also contribute, particularly
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Fig. 3 (A) General scheme of IV via an ionic or radical reaction pathway. (B) Selection of reported cross-linkers suitable for IV. Group I: cross-

linkers reactive without a catalyst in conventional IV; Group II: cross-linkers reactive with a catalyst; Group Ill: cross-linkers applicable in

photoinduced IV.
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when trace impurities, additives or initiators favour the
formation of polysulfide anions. Thus, inverse vulcanisation is
better understood as a mixed-mode polymerisation, where the
dominant pathway depends on the specific monomer chem-
istry, reaction temperature, and presence of catalytic or envi-
ronmental factors. With the easy to perform synthesis, low-cost
input materials and a wide range of possible monomers, inverse
vulcanisation offers inherent economic and ecological advan-
tages in terms of sustainability:

e The use of elemental sulfur comes with the benefit of low
cost and facile manageability. As of May 2024, the sulfur price
was £224 per ton on an industry scale.”® For comparison, the
price of styrene could be assumed to be £787 per ton in August
2024.%°

e The use of solvents or initiators is not necessary and
reactions exhibit outstanding atom efficiency with potentially
low-complexity reaction protocols, though significant control
measures could be required for consistent results.*

e In its most basic form, an inverse vulcanisation reaction
mixture comprises only elemental sulfur and a cross-linker,
which are both consumed during the polymerisation. In the
case of quantitative reactant conversion, extensive purification
steps (e.g. precipitation, washing, etc.) can be avoided and the
obtained polymers can be used directly.*”

Even though many commercial polymer building blocks
(propylene: —48 °C, vinylchloride: —13 °C, methacrylate: 80 °C;
methyl methacrylate: 101 °C, and styrene: 145 °C) have a lower
boiling temperature than the melting temperature of sulfur, it
has been shown that gaseous monomers can be passed through
molten sulfur to polymerise.** Direct polymerisation of sulfur
and gaseous monomers in the gas phase was also proven to
successfully produce sulfur polymers.** Despite the drawbacks
that come with high temperatures, this opens pathways to a new
group of monomers based on renewable resources, such as
glycerides, fatty acids, terpenes, rosin, phenols and benzoxa-
zines. A concise overview of renewable resources for inverse
vulcanisation has been recently published by Shen, Zheng, and
Zhang.*

Ground-breaking advancements in recent years were the
invention of “catalytic”, photoinduced and mechanochemical
inverse vulcanisation, which will be discussed briefly in the
following section. The addition of accelerators, most promi-
nently amine nucleophilic activators or metal di-
ethyldithiocarbamates, was shown to significantly decrease the
temperature and time required for full conversion of reactants
in IV reactions.** In contrast to conventional catalysis, the
accelerator may not be regained after the reaction as it is
believed to remain bound in the material.*®> The concept of
photoinduced inverse vulcanisation was introduced in 2022 by
Jia et al. and marked the first report of the successful reaction of
highly volatile and gaseous cross-linkers that are long estab-
lished as monomers in conventional polymerisations but were
not available for inverse vulcanisation, such as isoprene,
ethylene, dimethyl butadiene, and propene among others.*®
However, more research is necessary to convert the applicability
of gaseous cross-linkers from surface polymerisation to the
generation of multigram, macroscopic bulk materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

Mechanochemical inverse vulcanisation uses the mechanical
energy applied by a ball mill to drive the polymerisation without
the need for external heat, therefore allowing polymerisation of
volatile cross-linkers that would not be accessible in a conven-
tional inverse vulcanisation.*”** Given the dramatically lower
energy consumption on one hand and the extended range of
usable cross-linkers on the other, these methods represent an
important advancement in terms of sustainability.

Characterisation of inverse vulcanised materials

Special considerations must be made in terms of material
characterisation and analysis, which differ from conventional
carbon-based polymer science. Whereas in a conventional,
purely organic polymerisation, the monomer conversion and
degree of polymerisation can be determined relatively easily
with established and widespread methods such as nuclear
magnetic resonance (NMR) spectroscopy and size exclusion
chromatography (SEC), the evaluation of IV reactions is more
intricate.*® Typically, the conversion of organic cross-linkers can
be monitored and validated by "H NMR and infrared (IR)
spectroscopy, which allow the detection of characteristic C=
C,*? C=C,®*" oxazine,”* and epoxide*** bonds among
others. However, to fully validate the progress of inverse vulca-
nisation, the irreversible conversion of cyclic elemental sulfur
into polysulfide chains is at least as important as the conversion
of organic cross-linking groups. Methods to evaluate the
incorporation of crystalline sulfur into stable amorphous poly-
sulfides mainly focus on differential scanning calorimetry (DSC)
and powder X-ray diffraction (PXRD) where residual crystalline
phases can be identified by melting or refraction, respec-
tively.””** The total amount of sulfur in a material may be
inferred by thermal gravimetric analysis® and elemental anal-
ysis,” and the qualitative presence of oligosulfides can be
confirmed by energy-dispersive X-ray spectroscopy (EDX),***>
time-of-flight secondary ion mass spectrometry (ToF-SIMS),***
and X-ray photoelectron spectroscopy (XPS).>* Nevertheless, the
exact determination of the sulfur rank and the long-term
stability of polysulfides remain challenging due to the
dynamic nature of S-S bonds, which can cause undetectable
depolymerisation.*® However, recent work by Chalker et al. on
high resolution Raman spectroscopy of high sulfur containing
polymers showed that in some cases di-, tri- and tetrasulfides
can be distinguished giving insights into the respective sulfur
rank.*®%’

One major problem of inverse vulcanisation is the inappli-
cability of SEC as a fast and effective tool to determine average
chain lengths and distributions of polysulfides prepared by this
method. The lack of control makes the preparation of narrowly
distributed polymers one of the major future challenges.>
Additionally, given the inherent insolubility of cross-linked
polysulfides, solution-based analyses are limited, and often
solid-state alternatives required. We believe that one key
advancement in polysulfide characterisation will be the
increased use of >*S NMR spectroscopy. Due to the low natural
abundance of the **S isotope (0.76%), its low gyromagnetic
ratio, and low sensitivity compared to protons, **S NMR

RSC Sustainability, 2025, 3, 4190-4227 | 4195
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spectroscopy has been a niche analysis method in the past.
Further challenges that complicate the sulfur NMR analysis are
the fact that **S is quadrupolar which might require solid state
NMR with its own set of limitations due to availability and
know-how. However, with improvements of *3S enrichment and
NMR instrumentation in recent years, we expect that **S NMR
spectroscopy can become a key method to gain further insights
into the mechanisms of inverse vulcanisation and the nature of
high sulfur content polymers.

Advancing inverse vulcanisation with computational
chemistry

To drive the development of inverse vulcanisation on a chemical
level, a deeper understanding of the underlying reaction
mechanism is vital.

Some of the most detailed mechanistic studies of inverse
vulcanization have focused on the polymerizations of sulfur with
1,3-diisopropenylbenzene (DIB) or styrene.**** However, the
comonomer can also play a crucial role in the reaction mecha-
nism and insights into reactions occurring at different functional
groups will allow a more elaborate choice of cross-linkers.
Understanding the influence of environmental conditions such
as moisture, oxygen exposure, etc. will also improve the
production of these materials on both the laboratory and
industrial scale by improved reaction management. In this
regard, computational methods are often applied to understand
reaction mechanisms and kinetics. Although to date, they have
not been applied extensively in the field of inverse vulcanisation,
this may change as the field attracts a greater number of
researchers. Some noteworthy articles that have applied density
functional theory (DFT) to inverse vulcanised polymers exist
already and may serve as starting points or blueprints for future
research.®** Tonkin et al. and Kleine et al. used DFT to under-
stand the infrared absorption of their target comonomers and
polymers, towards better infrared optical imaging lenses.*
Meanwhile Dodd et al. used DFT to understand the Raman
spectra of inverse vulcanised polymers and tried deciphering
their structure.*® Whilst not a direct probe of the polymers
themselves, Smith et al used computational chemistry to
calculate the Fukui indices of different atoms on a target
comonomer, indicating their likelihood of undergoing radical
attack and thereby shedding some light on the mechanism of
polymerisation.®®* An extensive DFT study was performed by
Zheng et al., focusing on DIB.** Their work represents the most
in-depth application of computational chemistry to inverse
vulcanisation to date, and gave insights into the chemo- and
regioselectivity of thiyl radicals with o-methyl styrene. The latest
DFT calculations on the photo-induced polymerisation of sulfur
species provided further insight into the mechanisms and
further predicted - and later validated - the thermal depoly-
merisation of sulfur species, which is crucial data for the
advancement of recycling methods for high sulfur polymers.®®

The aforementioned publications demonstrate that there is
a wealth of exciting results available from computational chem-
istry, in relation to inverse vulcanisation. Optical properties can
be predicted, directing research to finding the best comonomers
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to use for highly transparent infrared components, or even
elucidating the source of the colour of inverse vulcanised poly-
mers. The reactivity of comonomers can be predicted, explaining
why some comonomers are readily reactive and others are
recalcitrant, or which moieties of a comonomer are likely to be
reactive. This could guide comonomer selection or inform
catalysis of inverse vulcanisation by identifying reasons why
comonomers are unreactive and how a catalyst could lower the
activation barrier. In relation to this, machine learning models
could analyse reactivity trends in comonomers and suggest new
comonomers that could be reactive. Finally, although it would be
a particularly challenging and time-consuming undertaking, it is
possible that DFT could be used to calculate intermediate
species’ energy levels as well as the energy levels of the transition
states that connect them. This could then be used to elucidate
reaction pathways, as in the work of Pople et al. and explain
experimental observations, or with enough investigation, suggest
mechanisms for inverse vulcanisation.®

DFT is not the only computational approach that could
benefit inverse vulcanisation. Molecular dynamics could
provide ways to predict a variety of bulk properties for inverse
vulcanised polymers of different comonomers at different
degrees of cross-linking, resulting in potential structure-prop-
erty relationships. The glass transition temperature can be
predicted by molecular dynamics, which can be used to confirm
the inverse vulcanised polymer structure from experimental
data. The refractive index can be calculated, which is a value of
great importance in the optical applications of inverse vulcan-
ised polymers. A variety of mechanical properties can be pre-
dicted by molecular dynamics, which are important to know
where durability or elasticity in the applications is important.
Several properties important for battery applications of inverse
vulcanised polymers can be calculated, such as the dielectric
constant and the rates of mass transport of electrolytes through
a polymer matrix. Similarly, the migration of elemental sulfur
through a polymer matrix could be examined to predict the
rates of sulfur bloom. Finally, molecular dynamics could be
used to model interfaces, relating experimentally determined
surface tension to predicted values of hydrophobicity.

A core issue in applying computational chemistry, particu-
larly molecular dynamics, to inverse vulcanisation, is choosing
an appropriate model system. This can be challenging when the
structures involved are not explicitly understood; even when
developing hypothetical polymer units, significant care must be
taken. There are computational methods for modelling polymer
units, considering them as part of a repeating chain of infinite
length, without having to model the entire chain. However,
these methods may not be so easily applied to an inverse
vulcanised polymer, which is thought to be both highly cross-
linked, and have no defined repeating unit. A single inverse
vulcanised polymer encounters dramatic variability in its
structure from factors like varying numbers of sulfur atoms in
each sulfur chain; unreacted double bonds; sulfur loops (where
a sulfur chain that would otherwise cross-link, actually connects
to the same comonomer unit); by-product functionalities (e.g.
1,2-dithiole-3-thione rings); different distributions of cross-
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linking units within the same chain; and many more
complications.

The next best approach then is to abbreviate this model.
Good examples of this can be found in the work of Zheng et al.,*
Tonkin et al.,** Kleine et al.,*® and Dodd et al..** These studies
demonstrate the use of chemical intuition to rationalise
sensible abbreviated models for inverse vulcanised polymer
units. This allows DFT studies on these units, although it must
be remembered that these units cannot take into account the
effect of an extended polymer structure or long range interac-
tions, a necessary compromise to develop a model that is small
enough to undergo calculations in a reasonable timeframe. This
compromise of reducing the complexity and size (in terms of
number of atoms) in exchange for reasonable computation
times with the trade-off of reduced accuracy and applicability to
the real-world system is commonly encountered in most DFT
studies. However, due to the high complexity of inverse
vulcanised systems and their large size, such simplifications
may lead to reductions in their accuracy and applicability. It is
paramount to carefully consider the model to be used to get the
best accuracy and applicability possible. For molecular
dynamics, this problem would be expanded. One of the primary
sources of error in molecular dynamics is a model that is too
small and therefore not representative of the true system.
Molecular dynamics would also require a relatively high degree
of understanding of the structure of the polymer chains, to
build sensible models that encapsulate the interaction between
those chains. As such, it is likely that an intellectual break-
through regarding the building of digital models of inverse
vulcanised polymers would be necessary before molecular
dynamics could be applied with a useful degree of accuracy.

Taking computational chemistry a step further, recent
breakthroughs in the field of Al-based protein structure
prediction, in particular the development of AlphaFold and its
latest iteration, AlphaFold 3, could be a game changing tool for
polymer-based material innovations. This cutting-edge model is
capable of accurately predicting the joint structure of biomo-
lecular complexes, including proteins, nucleic acids and small
molecules. By significantly surpassing traditional docking
methods and physics-based approaches, AF3 enables highly
precise modelling of protein-ligand, protein-nucleic acid, and
antibody-antigen interactions. The ability to generate high-
accuracy predictions across diverse molecular types marks
a transformative step in computational chemistry and molec-
ular design.®”” While AlphaFold primarily focuses on biological
macromolecules, its underlying deep-learning framework could
be generalised to synthetic polymer chemistry. This advance-
ment would bridge the gap between computational chemistry
and experimental polymer science, leading to breakthroughs in
fields ranging from sustainable materials to high-performance
composites. By harnessing Al-driven molecular prediction,
polymers could be designed with unprecedented precision,
revolutionising the development of novel materials with
tailored functionalities. Beyond structure prediction, Al-driven
approaches could accelerate the discovery and optimisation of
advanced polymeric materials by training on vast polymer
libraries to rapidly screen and identify materials with the
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desired chemical and physical properties.®® In the relatively
young field of inverse vulcanised polymers, however, this would
require a massive extraction of materials data from the litera-
ture - another possible application for AI - since the data
availability for these materials is quite limited.

Transferring such approaches to the synthetic world of poly-
mer chemistry also comes with major challenges. With the
limited amount of building blocks in the natural world, specifi-
cally 20 natural amino acids, the number of possible combina-
tions and interactions is much lower compared to the amount of
synthetic building blocks available to date. Additionally, proteins
and enzymes are confined molecules with specific purposes and
limited interactions between each other. In a polymeric material
which is an assembly of macromolecules, they strongly interact
with each other physically and chemically, determining their
macroscopic properties. The combined effects of a massive
monomer library and macromolecular interactions make it very
difficult to predict their properties.

In terms of sustainability, computational chemistry has many
cited benefits that would be applicable to inverse vulcanisation.
Computational chemistry is often used to accelerate experimental
chemistry by identifying the most promising avenues through
computational predictions followed by a small subset of experi-
mental validation, requiring fewer experimental resources
Further benefits could arise from the prediction of bio-based
substitutes that produce precisely tuned chemical and physical
properties. A more promising and far-reaching application of AI
in polymer science is the development of biodegradable and
chemically recyclable polymers. This area would narrow down the
available building blocks and therefore facilitate calculations and
predictions. Furthermore, Al-driven models could help predict
the biodegradability of polymers by identifying molecular struc-
tures that are more susceptible to enzymatic breakdown. In
reverse, Al-assisted protein and enzyme design enables the
development of completely new biomolecules that can help to
break down polymers that are to-date not biodegradable. Specif-
ically high sulfur containing polymers that already could be
susceptible to biological attack are a low hanging fruit for such
approaches. It is important to highlight that the energy and water
demands of Al are ever increasing. Calculations should be con-
ducted with purpose, with computational tools designed for
efficiency in the same way that we would expect from synthetic
optimisations, so as to not replace one problem with another.

Even though computational methods can help to make
better reaction choices and improve the overall reaction
outcome, it is not enough to develop more sustainable materials
including less toxic and renewable reactants and products as
well as their recyclability on the lab-scale and beyond. A general
guideline for the sustainable development of chemicals and
materials are the “12 Principles of Green Chemistry”, which we
will introduce in the context of inverse vulcanisation.

Synthesis of inverse vulcanised materials in the context of
circular economy and the 12 principles of green chemistry

Since the Green Deal was launched in 2020, the term circular
economy has gained traction by advocating for a production
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and consumption model which strives to extend the lifetime of
products by using the 10 R principles.*® The 10 R principles
(Refuse, Reduce, Resell or Reuse, Repair, Refurbish, Remanu-
facture, Repurpose (Rethink), Recycle, Recover and Remine)
transform the common linear model of “take-make-consume
and dispose” into a circular model which considers waste as
a resource, drives to eliminate or reduce waste as much as
possible, considers every step of the lifecycle of a product to
enable multiple use cases of products, and decouples economic
growth from product consumption.®”®

Within polymer science, additives in plastics or difficult
separation of complex composite- and multi materials, can
impose limits on circularity, especially in terms of recycling.”
Some solutions include the reduction of complexity or the
change towards chemicals that are “optimal adapted - better —
safer” as in mono-materials.”* To approach these solutions,
green chemistry design principles are essential.

While green chemistry is originally designed to integrate
sustainability into linear process models, the literature states
that with its twelve principles, their revaluation and the focus
on the environmental pillar, green chemistry can contribute to
circular economy.”®”” Defined as “the design of chemical
products and processes that reduce or eliminate the generation
of hazardous substances””* it focuses on the technical part of
chemical and material development. Therefore, it plays
a crucial part not only in a circular economy but also in
sustainable chemistry, where the development of safer chem-
icals in all life cycle stages is evaluated economically and
socially.” Green chemistry principles are a guideline for a wide
range of practices aimed at making chemical processes more
sustainable, energy-efficient, and environmentally friendly.
This guideline is summarised in 12 key principles, first outlined
by Paul Anastas and John Warner in their 1998 book “Green
Chemistry: Theory and Practice”.” This should be a concept for
all research and development of new chemicals and materials to
decrease the environmental impact of the modern chemical
industry. In the following section we briefly describe the 12
principles and how the synthesis of inverse vulcanised mate-
rials is in alignment with these principles to underline their
potential as more sustainable alternatives to state-of-the-art
materials:

(1) Prevention: it is better to prevent waste than to treat or
clean up waste after it has been created.

Since sulfur is a waste product from the oil industry, inverse
vulcanisation turns a potential environmental burden into an
economic and ecological opportunity. By addressing waste
generation at its source, it is in alignment with the principle
that prevention is better than clean-up, minimising environ-
mental risks while creating more environmentally friendly
materials that could contribute to a circular economy.
Furthermore, inverse vulcanisation can be conducted as
a solvent-free copolymerisation, which reduces the formation of
chemical waste during production.

(2) Atom economy: synthetic methods should be designed to
maximise the incorporation of all materials used in the process
into the final product.
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Inverse vulcanisation can be driven to an atom economy of
almost 100% making it a highly promising synthetic method
from a sustainability standpoint. This can guarantee a near
complete upcycling of sulfur waste into useful products, besides
minimal by-products which can be suppressed by adjusting
reactants and reaction conditions. The requirement for high
atom economy reinforces the aim to reduce potential H,S by-
products by the control of reaction conditions, in addition to
safety concerns.

(3) Less hazardous chemical syntheses: wherever practicable,
synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and
the environment.

Even though inverse vulcanised materials are mostly bench
stable, they may potentially release small molecule sulfur
compounds, which could indicate a negative environmental
impact. To-date they are not known to be toxic, but for a full
understanding of the human and environmental toxicity, long-
term studies must be conducted.

(4) Designing safer chemicals: chemical products should be
designed to serve their desired function while minimising their
toxicity.

Preliminary studies with limonene-based polymers showed
no leaching of toxic compounds into water, proven by a cell
viability test with liver cells. Similar to the aforementioned
bullet point, a full environmental study should be conducted to
understand their impact, especially due to the variety of
comonomers which might show different degradation and
leaching behaviours.” It is worth noting that some inverse
vulcanised polymers are indeed flammable and can release
toxic gases. However, in certain composites, these polymers can
provide flame retarding properties.”

(5) Safer solvents and auxiliaries: the use of auxiliary
substances (e.g., solvents, separation agents, etc.) should be
made unnecessary wherever possible and, when used,
innocuous.

In most inverse vulcanisation reactions solvents are not
necessary. However, due to the strong exothermicity of the
reaction, solvents may offer a chance for heat dissipation during
large-scale synthesis, benefiting safety. Potential high boiling
solvents need to be non-toxic and recyclable to be in alignment
with the 12 principles.

(6) Design for energy efficiency: energy requirements of
chemical processes should be recognised for their environ-
mental and economic impacts and should be minimised.
Synthetic methods should be conducted at ambient tempera-
ture and pressure.

Inverse vulcanisation is a highly exothermic reaction, and
therefore energy input for heating is only required to initiate the
reaction. Subsequently, the process heat could be used for
initial heating of the reaction in a flow system or for the
distillation of solvents on the industrial scale. Additionally,
reactions can be conducted more energy efficiently at lower
temperatures when using catalysts like metals or amines.

(7) Use of renewable feedstocks: a raw material or feedstock
should be renewable rather than depleting whenever technically
and economically practicable.
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The use of unsaturated organic compounds such as plant
oils, limonene, etc. has been shown and proves the accessibility
of renewable resources for inverse vulcanisation. An important
aspect of renewable feedstock - especially with plant oils - is the
competition with the food chain, and therefore products such
as used cooking oils,”*”® peanut shells” and cellulose®*>** hold
promise for sustainable production. A detailed review on the
applications of used cooking oil can be found elsewhere.**

(8) Reduce derivatives: unnecessary derivatisation (use of
blocking groups, protection/deprotection, and temporary
modification of physical/chemical processes) should be mini-
mised or avoided if possible, because such steps require addi-
tional reagents and can generate waste.

The polymer properties can be tuned with the choice of
comonomer. More sensitive functional groups such as halo-
genides,* additional double bonds* or epoxides,*>** should be
introduced by orthogonal post-polymerisation modification
methods to avoid side reactions.

(9) Catalysis: catalytic reagents (as selective as possible) are
superior to stoichiometric reagents.

Inverse vulcanisation can be catalysed by organic and inor-
ganic materials such as amines and metal oxides. This can
reduce the temperature needed for the reaction and therefore
increase the safety of potential scale-up processes. Additionally,
inverse vulcanisation has been shown to be initiated by ultra-
violet (UV) irradiation or mechanochemical processes. This
brings the reaction temperature down to ambient conditions
and reduces the evolution of toxic by-products such as H,S.

(10) Design for degradation: chemical products should be
designed so that at the end of their lifetime break down into
innocuous degradation products and do not persist in the
environment.

Due to the inherent dynamic behaviour of the S-S bonds in
polysulfide containing materials, they can be recycled
mechanically and chemically. Although these materials are
highly resistant to acids, bases and a range of solvents, it has
been shown that the S-S bonds can be degraded.*®* Further
research has to be devoted to the full recovery of the organic
components as well as potential by-products, weathering
behaviour, biodegradation and their toxicity.***

(11) Real-time analysis for pollution prevention: analytical
methodologies need to be further developed to allow for real-
time, in-process monitoring and control prior to the forma-
tion of hazardous substances.

The main analytical tool for the characterisation of sulfur
compounds is Raman spectroscopy. Its incorporation as an
online monitoring method can be used to identify certain sulfur
species in the polymer as well as sulfur by-products. Other
methods such as infrared (IR) spectroscopy can be imple-
mented to follow the consumption of double bonds and
therefore drive the reaction to full conversion.

(12) Inherently safer chemistry for accident prevention:
substances and the form of a substance used in a chemical
process should be chosen to minimise the potential for chem-
ical accidents, including releases, explosions, and fires.

Auto acceleration of inverse vulcanisation poses a safety
issue, mostly due to potential explosion of the reaction setup
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and the evolution of toxic H,S. This is the major hurdle for the
industrialisation of inverse vulcanised materials, since process
safety is of utmost importance. The use of catalysts, photo-
chemistry, mechanochemistry and solvents/additives may alle-
viate this issue; however, more research is required in order to
apply these concepts on a larger scale and to gain a better
understanding of the causes of H,S being produced as a by-
product and how to stop it.

These principles demonstrate the inherent simplicity of the
inverse vulcanisation process and are a good example of how to
put these principles in practice. Simultaneously it highlights
the crucial role green chemistry plays, not only in a circular
economy, but also in sustainable chemistry.” As a quantitative
measure of the environmental and economic impact of prod-
ucts and processes, life cycle assessment (LCA) proved to be an
efficient tool which enables the identification of potential
environmentally friendly technologies including the principles
of green chemistry.”*** This will be further discussed in later
stages of this article.

To demonstrate the potential of inverse vulcanisation and its
future viability, the process has to be transferred to the indus-
trial scale. Here, the 12 principles can help to translate synthetic
procedures from lab-scale to the industrial level, i.e. by reducing
waste or simplifying the used chemicals. However, scale-up will
reveal several challenges that must be addressed in order to
commercialise high sulfur polymers for a broad range of
applications. In the following section we discuss challenges on
the laboratory and industrial levels and possible solutions.

From the lab to industrial scale-up

Although small scale (tens of grams) syntheses are acceptable
for specialty applications, in order to truly address the excess
sulfur problem, inverse vulcanisation must achieve mainstream
use wherein the polymers would be applied on the scale of
tonnes. The reaction must be scaled up from the grams scale to
the kilograms scale, and further, to the tonnes scale. With this
in mind, the reaction must be adapted to industrial reactor
designs and processing formats, which carry their own
considerations not encountered on the lab-scale. In addition,
consistent product quality is of utmost importance for real-
world applications.

The road so far

The majority of studies on inverse polymerisation mention the
need for efficient up-scaling in some way, but to date, only very
few publications have explicitly addressed it. In particular,
Griebel and Li et al. were the first to report kilogram scale
inverse vulcanisation.®® By choosing a reaction temperature as
low as T = 130 °C, the authors were able to produce a poly(-
sulfur-random-(1,2-diisopropenylbenzene)) (poly-S-r-DIB)
copolymer in the 1 kg scale from Sg (90 wt%) and DIB (10 wt%)
using 1,2-dichlorobenzene (50 wt% with regard to the total
monomers) as a solvent. Other approaches by Chalker et al.
used sodium chloride as the porogen and a heat sink to control
the exotherm on the kilogram scale.®* Due to its electrochemical
properties, the copolymer was suggested for application as an
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active cathode material in Li-S batteries. Meanwhile Clean
Earth Technologies synthesised 500 kg of a canola oil inverse
vulcanised polymer in bulk polymerisation, but it is worth
remembering that canola oil is a lower reactivity comonomer
and is less prone to exothermic runaway reaction complications
that other more reactive comonomers when scaled up.”

Challenges and possible solutions

The most prominent and prohibitive obstacle that must be
overcome when dealing with the scale-up of the inverse vulca-
nisation reaction is its inherent exothermicity and the ensuing
auto-acceleration that can occur, also known as the
Trommsdorff-Norrish effect.”® This effect becomes relevant
when exothermic polymerisation emits heat during its propa-
gation phase, which increases the rate of initiation and thus
also of propagation, hereby liberating yet more heat. This cycle
of increasing heat liberation can cause a runaway reaction
worsened by the fact that with more propagation, the molecular
weight (and degree of cross-linking if applicable) increases,
which increases the viscosity of the reaction and decreases the
efficiency of stirring. With poor stirring comes less effective
dumping of heat out of the reaction and into the surroundings,
leading to heat build-up and temperature increases within the
reaction mixture, accelerating propagation, which compounds
the problem. Consequently, inverse vulcanisation reactions will
often undergo an auto-acceleration event when they are
removed from stirring or agitation and are allowed to settle.

Fig. 4 Photograph of an inverse vulcanisation reaction after the
effects of auto-acceleration. The reaction was carried out by heating
50 g or dicyclopentadiene and 50 g of sulfur at 140 °C in a 500 ml flask.
Before the point where auto-acceleration occurred, the reaction
mixture consisted of ~100 ml of smooth liquid being stirred and
heated. After the heat generated by the exothermic reaction became
too great to be lost to the surroundings, the mixture bubbled up rapidly
— changing from a calm liquid to the form seen in approximately 2
seconds.

4200 | RSC Sustainability, 2025, 3, 4190-4227

View Article Online

Critical Review

On the lab-scale, auto-acceleration looks like a sudden
“bubbling up” of the reaction, accompanied by a rapid dark-
ening of the reaction mixture, increases in viscosity, and
sometimes the emission of fumes (Fig. 4). With proper control
measures, a lab-scale auto-acceleration is a minimal hazard that
results in a polymer with poor quality that polymerised so
rapidly that it is highly inhomogeneous and not usable for its
respective application. The results will likely be wastage of the
tens of grams of polymer and discarding the reaction glassware.
On an industrial scale, an auto-acceleration would be a cata-
strophic event. The severity of auto-acceleration increases with
increased reaction scale, as more monomer present means
there is more heat that can be liberated. This could result in
a dangerous thermal expansion or explosion that poses a health
hazard to nearby personnel. An industrial reactor would
potentially be damaged by such an auto-acceleration event, and
kilograms to tonnes of polymer would be wasted. Additionally,
auto-accelerations in inverse vulcanisation tend to cause
increased hydrogen sulfide production from the reaction, which
is easily controlled in the lab-scale, but could be overwhelming
on an industrial scale, leading to release of harmful hydrogen
sulfide emissions into the surroundings and the atmosphere.

Avoiding auto-accelerations on the industrial scale is chal-
lenging, because increasing the scale of the reaction rapidly
increases the likelihood of an auto-acceleration event: there is
more reactive material liberating heat and the reaction volume
is increased, making heat dissipation into the surroundings
much more challenging. Already at the hundreds of grams
scale, solvent-less inverse vulcanisations become highly prone
to auto-acceleration.

One route to overcoming this auto-acceleration obstacle is
using a lower reaction temperature, although this increases the
reaction time and thereby makes the overall process less
economical. Additionally, with a longer reaction time, there is
a greater probability that some unforeseen issue, such as
a power cut, could cause the reaction to fail. While this is
a minor issue on the lab-scale, this could present a serious
drawback for industrial scale synthesis as there is the potential
to waste many kilograms or even tonnes of material along with
any energy and time that was invested in the synthesis.
Furthermore, simply lowering the reaction temperature does
not address the root cause of the Trommsdorff-Norrish effect,
and thus solely lowering the temperature may be insufficient to
prevent auto-acceleration, especially since the scale inherently
increases the risk of auto-acceleration as mentioned above.

A low reactivity comonomer can be used, which means
choosing a comonomer wherein the alkene bonds are of high
activation energy, choosing a comonomer with a lower density
of reactive double bonds, or choosing a comonomer with only
one reactive double bond. The choice of comonomer, however,
will often be constrained by the desired application, so it is not
a particularly flexible variable. Additionally, using a lower
density of double bonds means that more sulfur atoms must be
stabilised across fewer double bonds, often resulting in a poly-
mer that is more prone to sulfur bloom and therefore has
a shorter lifespan. This can be explained by monomers with
high double bond density, such as DCPD, leading to lower
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sulfur ranks that are harder to degrade and therefore show
higher ageing resistance.”** Dodd et al. used Raman spectros-
copy to demonstrate that polymers with higher sulfur content
also exhibit higher amounts of unreacted sulfur,* which could
be correlated with increased ageing effects.” However, this field
is subject to further research into structure-property relations.

Catalytic activation of inverse vulcanisation has been shown
to reduce the likelihood of auto-accelerations in some cases, as
it permits a lower reaction temperature to achieve a similar rate
to a higher temperature inverse vulcanisation.***®

Process design also offers options. In particular, using
a larger number of smaller reaction vessels could facilitate heat
management and thus avoid undesired events induced by the
Trommsdorff-Norrish effect. In-depth considerations of
synthesis plant design are required to ensure realisation.
Alternatively, running the synthesis in flow could be a solution.
If the reaction mixture itself is constantly moving and the pipes
for the flow reactor are kept to sufficiently small diameters that
ensure efficient heat escape from the reaction mixture, heat
accumulation in the reaction mixture can be avoided. Since to
date, only batch reactions of inverse vulcanisation have been
performed, more future research on flow chemistry in relation
to inverse vulcanisation is suggested, with the goal of scale-up
in mind. A recent study of Chalker et al. utilised flow chem-
istry for the photochemical synthesis of poly(trisulfides) from
monomers derived from waste sulfur.®® These insights can help
to develop approaches for inverse vulcanisation in flow with
high efficiency and minimal energy input. Herein, viscosity
changes in the reaction mixture occurring as the reaction
progresses need to be considered, as these potentially lead to
the clogging of reactor pipes. Consequently, thorough studies
on the change in reaction viscosity with time will be needed.
The exact viscosity - reaction time relationship being unique for
every possible combination of reaction conditions and como-
nomer choices calls for a case-by-case study for every reaction to
be introduced into flow chemistry. Another potential solution
could be to run inverse vulcanisation in a solvent in a flow
reactor. What would then have to be considered is the potential
of precipitated polymer clogging the reactor pipes. As inverse
vulcanisation proceeds, the polymers show higher molecular
weight and degree of cross-linking, making them more insol-
uble. Thus, as the reaction proceeds for a longer time, there is
a higher chance of polymers precipitating from the solvent,
causing complications in the reactor. Flow reactors are
preferred in industry as they can continuously produce the
product, and are more economical in terms of heating because
after the initial energy-intensive heating up, the temperature
only needs to be maintained. This procedure causes much lower
energy costs than heating the reaction, maintaining tempera-
ture, and then cooling the reaction, as would be the case for
a batch reactor. Regardless, there is significant research work to
be done in the future before inverse vulcanisation can be per-
formed in flow reactors at the industrial scale, and there will
likely be many chemical engineering aspects to consider.

Using a solvent in the reaction is one of the most promising
ways to decrease the likelihood of an auto-acceleration, as it
dilutes the reactants and slows down the reaction and its heat
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generation over a larger volume. The solvent acts as a heat sink,
so the heat emitted does not just increase the temperature of
the reactants but also increases the temperature of the solvent,
which can then dump the heat into the surroundings.

However, adding a solvent brings some complications. First
of all, the solvent must be able to solvate both the comonomer
and the sulfur. There are almost no solvents that can solvate
solid sulfur to a degree that is useful in a reaction. Since inverse
vulcanisation cannot occur without activation when sulfur is in
the solid state, the miscibility of molten sulfur with hot solvents
should be under scrutiny. This does limit suitable solvents to
those with high boiling points, exceeding at least 120 °C (the
melting point of sulfur). One publication by Ren et al. demon-
strated the solubility of elemental sulfur with temperature in
different relevant solvents.”” They found that the solubility of
elemental sulfur in all tested solvents increased over the
temperature range of 20 °C to 80 °C. While this temperature
range is substantially lower than the range of interest for inverse
vulcanisation, it does show a promising trend that is supported
by the finding that molten elemental sulfur was miscible with
refluxing p-xylene (boiling point of 139 °C), from which
a successful inverse vulcanisation was carried out.** Of the
tested solvents Ren et al. found that purely aliphatic solvents
were less effective at solvating sulfur than aromatic solvents. Of
the aromatic solvents, increasing the substitution level
decreased the effectiveness of the solvent.””

Adding a solvent also introduces concerns about the
economics and sustainability, as it is another substance that
must be factored into the costings. Although recycling of the
solvent may enable a dramatic cost reduction, the solvent
expands the quantity of material to be heated and thus the
energy expenditure. This means that minimising the solvent
quantity becomes a factor to consider with the trade-off that
a higher reactant concentration increases the risk of auto-
acceleration. Solvent recovery from polymeric materials, espe-
cially thermosets, is difficult; low percentage recovery from
solvent-based reactions can have significant environmental
impacts as evaluated though life cycle assessments.

Moreover, the solvent quantity will also impact the concen-
trations of the reaction solution, which will likely influence how
much polymer can remain solvated before precipitation occurs.
If not planned for, precipitation could be an undesirable
complication. Any precipitated polymer could be unsuitable for
solution processing, which could be a requirement for manu-
facture and applications: in this scenario, precipitated polymers
would be uneconomically wasted. Furthermore, a precipitated
polymer will still be capable of polymerising further, and since
it is no longer solvated, there is the risk of auto-acceleration.
Solvated inverse vulcanisations will likely require reaction
windows to be quantified by research, for the minimum time
a reaction can be run to obtain a suitable product, and the
maximum time a reaction can be run before a precipitate is
observed. These reaction windows will be governed primarily by
the composition of the reaction mixture, reaction scale, and
reactor design.

In some cases, it is possible to reduce the likelihood of an
auto-acceleration event by performing a two-step reaction. In
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principle, this can be applied to any inverse vulcanisation, but it
is most effective with a comonomer that has two reactive
carbon-carbon double bonds, each in a different chemical
environment. Such is the case for dicyclopentadiene, wherein
the norbornene double bond is strained and therefore reacts at
a lower temperature than the cyclopentene double bond. This
allows the norbornene double bond to be consumed with
a lower temperature reaction to create a linear polymer, after
which the temperature is ramped up to induce the reaction of
the cyclopentene double bond. This approach minimises the
number of double bonds reacting at a given time, thus reducing
the chance of an auto-acceleration.’®

Another obstacle to scale-up is the production of the
hydrogen sulfide by-product. Some inverse vulcanisations
generate this toxic by-product, which reduces yield and atom
economy whilst producing toxic fumes that can be corrosive to
the reaction apparatus and cannot be allowed to reach the
atmosphere. Sulfur dioxide is another gaseous by-product that
could form when the reaction mixture auto accelerates and
reaches temperatures above 210 °C.**'*° Sulfur dioxide is also
corrosive and toxic, though its formation can be suppressed
effectively by using oxygen-free reaction conditions. Hydrogen
sulfide formation is more challenging to suppress, as it can
form from water in the reaction system or directly from the
reaction of sulfur with the comonomer. It is hypothesised based
on hydrogen acidity, though not proven, that hydrogen
abstraction by thiyl radicals from the comonomer is the primary
source of hydrogen sulfide emissions from inverse vulcanisa-
tion reactions. Hydrogen can be abstracted from the alpha-allyl
position, but other relatively acidic hydrogens can be candi-
dates as well. This can be suppressed by maintaining a low
reaction temperature, as it seems that the energy barrier for this
hydrogen abstraction is relatively high and needs significant
thermal energy to surmount. Of course, using a comonomer
with no acidic hydrogens can lead to no hydrogen abstraction,
and theoretically, no hydrogen sulfide emissions, but this is
constrained by the application that the polymer is intended for,
and the desired structure of the inverse vulcanised polymer
itself. Auto-accelerations are also associated with production of
larger volumes of hydrogen sulfide, but this is secondary for
preventing auto-acceleration itself.

It would be necessary to quantify any gas emissions in
a scaled-up IV process as the outgas would need treatment to
meet emission regulations. On the lab-scale, this can be done by
bubbling the outgas through aqueous sodium hydroxide, which
deprotonates the hydrogen sulfide and forms NaSH, which
dissolves in water and is trapped. On an industrial scale, this
would be impractical and expensive, as additional regulations
would need to be accounted for in having large quantities of
highly basic solutions. These solutions would also be depleted
and require replenishment, which is an additional cost. Some
form of fixed bed adsorbent, like SULFATREAT granular iron
oxide, would be more preferable for the reaction outgas to pass
through, purifying it of hydrogen sulfide. Alternatively, and this
would require notable technical consideration, if the inverse
vulcanisation synthesis plant were to be constructed near an oil
refinery, then it is feasible that the reaction outgas could be
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directed into the Claus process, converting the hydrogen sulfide
back into elemental sulfur. Oil refineries have the industrial
reactors to perform the Claus process, as it is the subsequent
stage to hydrodesulfurisation, with these being the two reac-
tions that are responsible for producing the excess elemental
sulfur upon which inverse vulcanisation is founded. In fact,
a return of sulfur from outgassing H,S into the educt material
stream would be desirable in terms of economy, sustainability,
and circularity.

Scale-up aspects regarding alternative synthetic routes

Optimising modern synthetic approaches may enable over-
coming the hurdles outlined above. For instance, Yan et al.
suggested mechanochemical synthesis as a solvent-free and
comparably fast method for the production of inverse vulcanised
polymers.*” Since heating is not required during e.g. ball milling,
auto-acceleration was found to be negligible on the lab-scale.
Upscaling of mechanochemical approaches is therefore worth
investigating in the future. Notably, Marshall et al recently
demonstrated that melt processing and moulding of sulfur
copolymers made from norbornadiene dimers is a feasible
approach to produce plastic lenses for long-wave infrared
thermal imaging, which has been proven to react under mild
conditions in a ball mill.**'** Furthermore, using light of
a specific wavelength (either 380 nm or 435 nm, 10 W), Jia et al.
were able to realise photoinduced inverse vulcanisation at
ambient temperatures that makes long curing times redundant
and does not generate H,S that needs to be captured from waste
gas.*® In terms of economic viability, the low reaction tempera-
tures (18-20 °C) not only decrease the energy demand but also
enable the use of comparably cheap gases such as acetylene,
ethylene, propylene, and vinyl chloride as carbonaceous cross-
linkers. Poly(S-DIB) synthesised by means of a photoinduced IV
process exhibited high sorbent capacities for mercury uptake.

When such innovative alternative syntheses are considered
for full-scale technical realisation, it is of particular importance
to keep in mind that the actual applications may govern the
production process. Mechanochemical synthesis is expected to
be highly attractive in the context of bulk products, due to low
risk of auto-acceleration and H,S evolution, which would facil-
itate the conversion of large amounts of educts. However, it is
worth mentioning that recent studies suggested a critical
impact of the reactor material that is used during mechano-
chemical inverse vulcanisation.** This has to be taken into
account when designing a large-scale reactor system. In this
context, the exploitation of synergies with existing interdisci-
plinary research networks beyond the “classical” polymerisa-
tion community could be a promising way to accelerate
a technical transfer. For instance, the research network COST
(European Cooperation in Science and Technology)'* initiated
the working group Mechanochemistry for Sustainable Industry,
which aims at realising the sustainable production of
compounds and materials of industrial interest on a medium-
and large-scale (https://www.mechsustind.eu).

In contrast, photo-induced inverse vulcanisation is expected
to play a role in the context of more specialised applications,
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particularly given that the light-induced reaction has been re-
ported to take up to 72 hours.*® Photo-induced surface coating
with sulfur polymer thin films could be a particularly promising
field of application, since the excellent heavy metal affinity will
typically call for high surface areas of the sorbent.'**'* A
combination with other emerging technologies, such as 3D-
printed substrates or mixing elements that provide additional
geometric surface area, can ensure an optimal exploitation of
the high sulfur polymer sorbent and maximise the contact
between the solid and the fluid phase.

Beyond mechano- and photochemistry, catalytic inverse
vulcanisation processes have also been suggested by means of
experimental work in the lab-scale and computational efforts, i.e.
DFT. One of the first catalysts to be suggested for inverse vulca-
nisation was diethyldithiocarbamate.**'** In addition to highly
relevant aspects like increased yield and improved material
properties, such catalytic routes may also solve issues that
impede industrial up-scaling such as reduction of the reaction
temperature and H,S evolution. It was shown that reaction
temperatures can be reduced to 100 °C for catalysts like tetra-
mine, thiazole, thiophosphate, guanidine, mercaptobenzo-
thiazole, thiourea, xanthate, and sulfenamides,'” which also
resulted in patents for amine-based catalysts.”® Additionally,
Mousavi et al. reported the copolymerisation of the bio-based
cross-linker oleic acid with sulfur while exploiting titanium
oxide (TiO,) as a catalyst, which yielded high sulfur polymers
with improved mechanical stability compared to non-catalysed
synthesis.'® Although catalyst-borne impurities may impede
the use of such copolymers in optical applications, they are ex-
pected to be beneficial whenever high mechanical strength is
required. For instance, Diniz et al used 2,4,6,8-tetramethyl-
2,4,6,8-tetravinylcyclotetrasiloxane (TVTSi) to synthesise sulfur
polymers (poly(S-TVTSi) that are highly water repellent, with
purposefully incorporated inorganic SiO, and TiO, improving
the hydrophobicity of the polymer.'® These findings underscore
the need for tailored preparation routes in order to obtain highly
functional and specialised polymer products.

Claimed industrial applications of inverse vulcanised mate-
rials include their use as alternatives to Portland cement
(https://www.otbmaterials.com/), asphalt
replacements (https://uberbinder.com/), and for heavy metal
capture (https://www.thiotech.co.uk/). Herein, continuous
production of the material can be achieved by compounding
extruders, producing pellets. Compared to conventional
cement, the manufacturing of this material is claimed to
produce up to 95% less CO,, with higher strength and lower
water permeability.

Ultimately, the intended application of the copolymer and its
desired properties strongly govern both the synthesis route and
the full-scale technical process. For example, in applications such
as coating components to produce mercury absorbers, a discon-
tinuous production process may be sufficient. However, when
copolymer production is required at the tonne scale and the
product will undergo further processing, a continuous produc-
tion process is generally more desirable. As underscored in this
section, the efficient integration of IV processes into established
plants and production sites can be a vital aspect as well,

bitumen
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particularly under consideration of transportation, infrastruc-
ture, exhaust after-treatment, circularity, and heat management.

System sustainability

From a sustainability point of view, there are several factors to
be considered in any scaled-up production process as sustain-
ability has inherent environmental, economic and social
aspects. The physical flows of reagents and energy flows, the
production systems and operational requirements and the
consequential impacts on the ecosphere and associated envi-
ronmental impacts are significant."* Social impacts, depending
on the elementary flows from extraction of raw materials and
production systems, as well as material toxicity, can be asym-
metrically felt across different populations. The economic
considerations discussed in this section strongly interact with
both social and environmental factors.

For inverse vulcanisation, physical flows can be defined as
the resources, materials, semi-products and products (inputs)
as well as emissions, waste and products (outputs).”® In the
case of inverse vulcanisation, energy flows are differentiated
from physical flows, e.g. when the heat of the exothermic reac-
tion is recovered for energy production or to heat virgin material
input. Any electricity purchased for the scaled-up production as
well as the heat recovery can be defined as energy flow."® To-
date inverse vulcanisation can be carried out with fossil-based
and renewable monomers. While sulfur and its environmental
impact is already discussed and it was argued why sulfur from
stock piled should be used, it is important to bear in mind that
sulfur also originates from fossil fuel production. Although bio-
based materials, such as vegetable oils or limonene, can be used
as comonomers, it is still important to mention that their
production, due to extraction and purification steps and the
cultivation of the bio-material, will have an environmental
impact. In this regard, the greenhouse gas (GHG) emissions of
common fossil-based monomers such as styrene or di-
cyclopentadiene (DCPD) are competitive or even lower
compared to those for bio-based monomers (Table 2). This
results from very refined and efficient production processes of
fossil-based materials. Even though the carbon footprint might
seem bad on first look, there is more to sustainability than GHG
emissions. Most industrial and government policy focuses on
CO, emission since it is easy to put numbers to it, but all impact
categories are important.

Table 2 Carbon footprints of various monomers used for inverse
vulcanisation

CO, equivalents

Monomer [kg CO, per kg] Ref.
Sulfur 1.53 111
Dicyclopentadiene 1.54 112
Styrene 3.20 113
Limonene 28.2 114
Vegetable oils 0.36-15.32 115
Used cooking oil 0.167 116
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A reduction in carbon footprint that leads to major harm to
our land, water or health is not inherently sustainable. Often
trade-offs between different scenarios occur, meaning that the
prioritisation of environmental impacts must be carried out.
Sustainability discussions are complex and nuanced, making it
ever more important to quantify the potential consequences of
different components in identifying and optimising the
sustainability of processes, in this case meaning that even if
dicyclopentadiene has lower GHG emissions its resource use for
example could be high given that fossil fuel is a limited
resource. Also, a trade-off for bio-based monomers regarding
land-use could occur due to the potential competition with food
sources. Here, used vegetable oil stands out with low GHG
emissions and no competition with food sources. It could stand
in competition with the production of biodiesel, but in contrast
to this it does not need pre-treatment or transesterification,
which cause human health issues due to methanol usage and
high energy input during transesterification.*"”

Its real environmental impact depends on the specific scale-up
processes and it is advised to conduct environmental assess-
ments, such as LCA, when implementation will take place. The
complexity of the discussion of bio-based vs. fossil based is
debated extensively in the literature. First of all, the terminology of
bio-based needs to be defined. Bio-based means that the material
is made partially or fully out of biomass, while saying nothing
regarding its recycling properties or degradability in the envi-
ronment. Bio-degradable means that these materials can be
broken down by the work of natural microorganisms at different
temperatures. While often used as synonyms, these types are
definitely not the same showing why the end-of-life of bio-based
materials still needs to be discussed.”*® The literature indicates
that many bio-based materials produce less GHG emissions
compared to fossil-based alternatives, though results vary signif-
icantly between individual materials. Energy use impacts also
tend to be lower, while eutrophication is often higher for bio-
based options. Other impact categories, such as acidification,
ozone depletion, and photochemical ozone formation, are re-
ported to show similar results. However, these are general find-
ings, and a meaningful comparison requires evaluating the
specific bio-based materials against their fossil-based
counterpart.'*’

The issue is that the carbon footprint of a potentially inter-
esting cross-linker is often not accessible at the laboratory scale.
Improved data availability and greater transparency from
suppliers are necessary to better assess the sustainability of
a chemical to plan the synthesis of new materials more effi-
ciently and sustainably. The next step in this discussion is the
evaluation of the entire production process to generate the most
efficient, environmentally friendly process possible. A major
guideline for this is the twelve principles of green chemistry
with its selection of input materials attached to the concept of
eco-design and the avoidance of fossil-based chemicals to
improve the production processes. Critically, chemical reac-
tions and productions are electricity and heat intensive, which
leads to high GHG emissions if the electricity and heating or
cooling cannot be generated through renewable energy or i.e.
heat exchangers. This depends strongly on the infrastructure of
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the country where production is located, yet scenarios where
chemical plants are supported by 100% renewable energies are
very limited.”” The highly exothermic reaction of elemental
sulfur with double bonds holds great potential for heat
recovery, hereby reducing the energy flow inputs, ultimately
reducing their environmental impact. After all, this offers
economic advantages, reducing costs otherwise spent for heat-
ing, electricity and infrastructure.

By using water to cool chemical reactor systems, the impact
on the environment caused by water usage needs to be looked at
closely. To date inverse vulcanisation processes only depend on
cooling water, while modern reactors mostly use closed cooling
circles to minimize water loss, and therefore the impact on
water use is neglectable. Yet, depending on the process struc-
ture, solvent waste, waste water, and pollution through highly
toxic H,S occur during the production. The regulation and
proper treatment of industrial waste streams are essential to
prevent environmental and social harm. While modern chem-
ical plants often adhere to strict safety standards, accidents and
spills can still occur, especially in less developed countries
where regulations may be less strict. Among these waste
streams, solvents play a major role. Due to their chemical
properties, solvents are used in large quantities across
numerous chemical reactions and processes. However, their
widespread use is linked to several environmental and health
concerns, including increased toxicological risks to humans
and freshwater ecosystems, as well as air, land, and water
pollution, ozone depletion, and the emission of particulate
matter. If wastewater containing solvents is not properly
treated, it can lead to eutrophication, excessive water
consumption, and ecotoxicity in freshwater systems. Moreover,
managing solvent waste often involves energy-intensive
processes, resulting in additional GHG emissions aimed at
preventing environmental contamination.**

A further factor with a high impact on the environment but
often neglected is transportation. It is well known that indus-
trial transportation via airplanes, lorries, trains or transporters
emits GHG emissions. This increases with travelled distance,
and the type and amount of transported good. Therefore, the
location of the production plant is important, not only for
environmental but also economic reasons. This factor was
mentioned for the production of bio-based materials already,
but another example would be the transportation of the
elemental sulfur towards the production plants. The logistic
infrastructure by sulfur piles is mainly based on trains, so to
include the sulfur transportation, new logistics are needed and
therefore costly. Additionally, transporting chemicals often
means a lot of bureaucracy and safety measures to prevent fine
dust or other leakages, which are important for the protection of
the environment but are also cost and time intensive. To avoid
this, a crucial step towards a more environmentally friendly
production of inverse vulcanised materials is the integration
into existing plants especially in locations where sulfur is
produced in the first place. Advantages would also include the
fast and easy recovery of H,S that might be produced during the
reaction by the Claus process which is mostly used to produce
sulfur during fossil fuel desulfurisation.
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While evaluating potential risks in product development is
important, the real environmental impact can only be deter-
mined when a specific process is mapped out. The more data on
the individual steps, input and outputs are generated, the more
transparently and specifically the environmental impacts can be
analysed and different approaches be compared. Scaling up the
inverse vulcanisation process and assessing emerging technol-
ogies, a prospective LCA should be carried out, which is
a helpful tool to record all inputs and outputs of the new
technology. By considering a distant future instead of the
current state and focusing on emerging technologies, such as
inverse vulcanisation, a prospective LCA could represent the
environmental impact of the emerging technology better as an
LCA, yet the uncertainty regarding futuristic scenarios and
missing data points must be kept in mind.””” While most
industrial and government policy focuses on GHG emission, all
impact categories are important: a reduction in carbon foot-
print that creates major harm to our land, water or health is not
inherently sustainable. Often a trade-off between different
scenarios occurs, meaning that the prioritisation of environ-
mental impacts must be carried out. The major challenge is that
accurate quantification is only possible with the full disclosure
of operational parameters and chemicals used. Assessing and
comparing different synthetic methodologies is not possible
without much more transparent publishing and data sharing.

In addition to the environmental and economic aspects of
sustainability, the third pillar is social sustainability which is
still an underexplored part of sustainability.”*® It addresses
social and socio-economic dimensions, particularly the impacts
of products and processes on various stakeholders such as
workers, local communities, society, consumers, and value
chain actors. It is crucial to guarantee the health and safety of
workers operating chemical plants by properly controlling
reaction conditions and implement safety measures in case of
reaction run-away or leakage of toxic gases. While in Canadian
crude oil extraction plants, and other developed countries laws
against forced labour and child labour are enforced, this defi-
nitely does not account for all potential plant location sites such
as those in third world countries. Considering the worst case of
pollution through waste or H,S the local communities and
employees surrounding the plant may be severely affected.

On the other hand, chemical plants can also generate jobs
and increase the engagement of the local community. Yet, the
behaviour and public relations of companies employing inverse
vulcanisation at their plants significantly shape the social
impact of production. The most important impact for
consumers is transparency regarding the used chemicals and
the properties of the produced material, in particular with bio-
based feedstocks, due to emerging regulations such as the EU's
supply chain law. From a broader societal perspective, produc-
tion processes must aim to be as environmentally friendly as
possible, as their effects extend beyond local ecosystems to
global issues like GHG emissions. Therefore, accurate, site-
specific data are key for assessing social impacts more trans-
parently. To comprehensively evaluate the societal implications
across all life cycle stages of sulfur polymers, a Social Life Cycle
Assessment (S-LCA) can be conducted. This would capture not
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only aspects of human health but also broader categories such
as human rights, working conditions, and cultural heritage.**

Use phase: applications and ageing of inverse vulcanised
materials

Promising applications of inverse vulcanisation. The
concept of inverse vulcanised polymers has only been around
since 2013, but materials containing sulfur are among the
oldest man-made polymers with the invention of vulcanised
rubbers by Goodyear* and polysulfide polymers by Lowig and
Weidmann."* Since then a plethora of high sulfur containing
polymers have been developed.**>*** In the following section we
highlight selected applications where inverse vulcanised poly-
mers could be applied as an alternative to commercial materials
and how they can improve the environmental impact of the
respective class of materials.

The properties of elemental sulfur and high sulfur content
materials lead to high potential for a broad range of
applications.”*** From an economic standpoint, however, two
types of applications have to be considered: bulk materials
deplete sulfur stockpiles and simultaneously develop materials
with beneficial properties, and high-tech applications on small
scales to replace expensive and resource intensive state-of-the-
art materials. High priced monomers are not considered
a problem for the low-volume/high-end applications like Li-S
batteries or optical applications — where the requirement for
high performance will far outweigh the cost of the materials.
Since sulfur is the major component of these materials, less
monomer is needed, thus reducing the overall material cost.
Furthermore, replacing low-volume specialty chemicals with
inverse vulcanisation-based alternatives might not have a big
impact on the consumption of stockpiled sulfur. However, it
can have a big impact on their respective carbon footprint since
their production often requires high energy input, next to the
production of waste such as solvents and unwanted by-
products. For bulk applications such as sulfur concrete,
cement binders or heavy metal adsorbents, which would be
a major consumer of sulfur stockpiles, there will also be a real
requirement to keep the cost of the comonomer down. Most
vinylic monomers and cross-linkers that can be applied in
inverse vulcanisation, such as styrene/acrylates, are used
commercially and therefore are readily available and cheap.
Due to sophisticated and highly developed production
processes, they have a comparably low carbon footprint (see
Table 2), especially because many C=C double bond-
containing chemicals such as dicyclopentadiene are by-
products from oil refining processes.’® This highlights again
the importance of focused material development for individual
applications. In the following section we briefly highlight some
promising applications of inverse vulcanised materials and
their potential environmental impact; detailed articles on
individual applications can be found elsewhere.'*?”13>

High refractive index materials

A major specialised application of inverse vulcanised polymers
often highlighted in the literature is in high refractive index
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lenses for IR optics.”***** This arises from S-S bonds and C-S
bonds (note that carbon and sulfur have the same Pauling
electronegativity) exhibiting low infrared absorbances, as their
stretching modes either do not, or very weakly, satisfy the
selection rule for infrared spectroscopy, namely that infrared
vibrational modes must cause a change in dipole moment."* In
addition, sulfur is a highly polarisable atom, and a high
proportion of polarisable atoms within a material's structure
increases its refractive index." Since inverse vulcanised poly-
mers are comprised mostly of such bonds (S-S and C-S), they
equally show high refractive indices and are therefore prom-
ising materials in applications for IR optics (Fig. 5). This
renders inverse vulcanised polymers as potential next-
generation materials for infrared optics, i.e. for application in
thermal imaging devices. Compared to conventional materials,
their high refractive index allows for thinner lenses that main-
tain the same optical power, reducing costs and weight."** These
polymers are already much cheaper than the current industry
standards, like chalcogenide glasses and crystalline semi-
conductors. Thinner lenses not only cut costs and weight but
also help preserve the lens shape, which is crucial for main-
taining optical precision over time. Chalcogenide glasses in
contrast require rare, highly pure raw materials and energy-
intensive processes, making them expensive. Inverse vulcan-
ised polymers on the other hand are cost-effective, scalable, and
often don't require purification, while still being mechanically
robust, melt-processable, and highly transparent and refractive
in the IR spectrum. Additionally, they offer the benefits of
thermal healing and recyclability, providing a major advantage
over traditional materials in terms of sustainability and reus-
ability. Pyun et al. were the first to demonstrate the applicability
of fully polymer-based lenses in thermal imaging that can be

Fig. 5 (a) Digital image of lenses: (left) poly(S-r-DIB) copolymer
(80 wt% S 8) and (right) glass, (b) digital image of a USAF target through
copolymer lens in visible wavelengths and (c) image captured with
a near-infrared camera of the USAF target illuminated with a 1550 nm
laser (scale bars = 25.4 mm). (d) Thermal imaging of a human subject
through a PMMA film (~1 mm) in the mid-IR (3-5 pm) regime (dotted
white line highlights the area where the subject is sitting). (€) Thermal
imaging of a human subject through an 80 wt% Sg poly(S-r-DIB)
copolymer film (~1 mm) in the mid-IR (3—-5 um) regime. (Images are
false colored, sepia tone: white corresponds to ~37 °C and brown
corresponds to ~24 °C). Reproduced with permission from Adv.
Mater., 2014, 26, 3014-3018. Copyright 2025, John Wiley and Sons.
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remoulded and show good thermomechanical properties that
suppress reflow of the material.™®” They additionally provide
insights into the characterisation of such materials.'* Boyd
et al. on the other hand reported the first inverse vulcanised
organometallic hybrid materials as IR transparent lens with
easy processability.**® This further demonstrates the versatility
of the potential of sulfur polymers for optical applications. The
development of advanced manufacturing processes for inverse
vulcanised materials, such as 3D-printing, can further expand
applications as individualised products for IR optics.'*’

Possible sustainability impact. Inverse vulcanised polymers
offer a potentially more environmentally friendly alternative to
cost-intensive rare earth materials like germanium and chal-
cogenide glass, which are commonly used in IR optics. They
usually require rare and expensive raw materials of extremely
high purity, which significantly increases their cost as well as
environmental footprint due to the energy-intensive processes
for extraction, refinement, and fabrication. Inverse vulcanised
polymers on the other hand use widely available and low-cost
materials, which not only reduces the dependence on rare
earth elements but also promotes circular economy principles
by repurposing industrial by-products.”

Another aspect that makes IV-based IR lenses more
sustainable than current materials is their easy repairability.
Traditional materials like chalcogenide glass and germanium
are difficult or impossible to repair, calling for full replacement
in case of damage. This generates waste that is harmful to the
environment and also requires energy and resources required to
remanufacture and dispose these materials. In contrast, high
sulfur polymers can be thermally healed when damaged,
restoring their functionality without the need for replacement.
This ability to self-repair extends the lifespan of IR lenses and
reduces material waste, contributing to a more sustainable
product lifecycle. Furthermore, the recyclability of these mate-
rials allows them to be fully reprocessed at the end of their use
phase, reducing landfill waste and environmental damage.

Energy storage

Li-S (lithium-sulfur) batteries operate through reversible redox
reactions between lithium and sulfur (Sg). During discharge,
lithium at the anode is oxidised, releasing lithium ions and
electrons that travel to the sulfur cathode, where sulfur is
reduced to form lithium sulfide. The reverse occurs during
charging. The discharge process involves a two-stage trans-
formation: cyclic Sg forms soluble Li,Sg, which is further con-
verted to Li,Se and Li,S, (yielding 25% of sulfur's theoretical
capacity) and then to solid Li,S, and Li,S (yielding 75% of
capacity).**® This type of battery shows many advantages such as
high energy density (theoretical specific capacity of
1675 mA h g7'; energy density of 2600 Wh kg™'), which is
significantly higher than that of conventional lithium-ion
batteries.’*® Also, elemental sulfur is a very abundant and
cheap raw material, which could reduce the cost of battery
materials. Furthermore, sulfur is a very lightweight material
which, in combination with the high energy density, translates
to lower weight of the battery with the same energy storage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity. These properties are highly beneficial for applications
in vehicles and transportable electronics.

Despite all these advantages, there are some drawbacks that
have to be considered: Both sulfur and lithium sulfide (Li,S),
the discharge product, have poor electrical and ionic conduc-
tivity. This results in sluggish redox kinetics at the cathode,
leading to low sulfur utilisation and limited specific capacity.
Also, depending on the used electrolyte, the intermediate
lithium polysulfides formed during discharge might be soluble
in the electrolyte. These polysulfides can diffuse to the anode,
causing the so called “shuttle effect”, which leads to a loss of
active material, low coulombic efficiency, and capacity fading
over time."® Another issue is the change in volume during
charge and discharge processes, since sulfur undergoes
a significant volume expansion (~80%) upon full lithiation to
form Li,S. This expansion can cause mechanical stress and
pulverisation of the electrode, resulting in poor cycling stability
and reduced battery lifespan. Side reactions of polysulfides with
lithium metal at the anode can influence the battery perfor-
mance. In reverse, an uneven lithium deposition can lead to
dendrite formation, which can penetrate the separator, causing
short circuits." Inverse vulcanised polymers could be a solu-
tion to these challenges: cross-linkers such as DIB, di-
vinylbenzene, and styrene have been employed to form high
sulfur polymers for Li-S batteries, but these polymers often
have low conductivity, which limits rate capability. Even larger
scales up to 1 kg were synthesized to demonstrate industrial
application for energy storage (Fig. 6).” To improve their
performance, conductive building blocks can be incorporated.
Advanced copolymers from poly(m-aminothiophenol) (PMAT)
and sulfur yield cp(S-PMAT), combining high sulfur content
with improved conductivity and excellent cycling stability.

View Article Online
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Benefits of these materials include the inhibition of LiPS
shuttling and therefore increased cycling stability as well as
safety, due to the possible flame retardancy of certain inverse
vulcanised materials as composites.”> By improving safety and
flame retardancy, the incorporation of flame retarding como-
nomers could be addressed.**"**> Generally, inverse vulcanised
polymers outperform sulfurised polymers electrochemically.
The production is straightforward, using elemental sulfur
without solvents or catalysts. However, further optimisation
through materials design and multifunctional cross-linkers is
needed to enhance performance and facilitate large-scale
synthesis of high sulfur content polymers.

Possible sustainability impact. The high sulfur content in
these polymers, combined with their ability to facilitate efficient
Li-ion transport, contributes to maintaining high capacity
without the risk of leakage, evaporation and flammability,
which is a risk in liquid electrolytes. The absence of liquid
electrolytes lowers the environmental impact related to the
production, disposal, and recycling of toxic solvents, also min-
imising the need for complex containment and cooling systems,
further reducing the weight and material costs of battery
systems.

Reducing weight is directly linked to a lower environmental
footprint. Lower mass results in reduced energy consumption
during the production, transport, and operation of devices
powered by these batteries. This can be especially advantageous
for applications in low distance electric planes and helicopters,
where weight is a crucial factor.

From a sustainability perspective, eliminating solvents
decreases the energy and water usage associated with solvent
manufacturing and recycling, contributing to a greener battery
lifecycle.
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Fig. 6 (A) Synthetic scheme for the synthesis of poly(S-r-DIB) at T = 130

Cycle number

°C; (B) pictures of scaled-up polymerisation (1 kg, 10 wt% DIB); and (C)

image of 1 kg poly(S-r-DIB) with 10 wt% DIB. (D) Cycling performance of a Li—S battery using a poly(S-r-DIB) copolymer (10-wt% DIB, 1 kg scale)
for 640 cycles with charge (filled circles) and discharge (open circles) capacities, as well as coulombic efficiency (open triangles). Cycles 1-499
are run at a rate of C/10 (167.2 mA g™%); cycles 500-599 are run at C/2 (836 mA g™); and cycles 600-640 are run at C/10 (167.2 mA g™).
Reproduced with permission from J. Polym. Sci. Part A: Polym. Chem., 2015, 53, 173-177. Copyright 2025, John Wiley and Sons.
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The potential low-cost, scalable nature of inverse vulcanisa-
tion is critical for making Li-S batteries more commercially
viable, which promotes the broader adoption of energy storage
technologies with a lower environmental impact compared to
current lithium-ion systems.

Even though lithium sulfur batteries are among the most
promising future battery systems, to be more sustainable than
current technologies, their recycling and circularity has to be
considered as well. Due to the challenges discussed above, no
recycling methods have been established yet, although initial
approaches were reported in the literature employing thermal
and hydrometallurgical methods.***'** A major challenge in the
recycling of the sulfur-containing parts of a Li-S battery is the
formation of Li-polysulfide intermediates during charge and
discharge processes.'*® As previously discussed, IV-based
cathode materials can actually inhibit or reduce the formation
of Li-polysulfides, which in return should improve their recy-
clability. Additionally, recent studies showed that all solid-state
Li-S batteries hold great potential for long-lasting energy
storage with high capacity,’*® as life time is one of the most
important factors - over repairability and recycling — when it
comes to sustainability.’”” However, it was mentioned that
future work should mainly focus “on cathode structure engi-
neering to improve density and areal loading”; here cathode
materials based on inverse vulcanised materials could be
a major contributor.'*

Separation technology

Environmental pollution of water and soil is amongst the most
urgent challenges we currently face. Specifically heavy metals
such as mercury have raised great concerns due to their high
environmental and human toxicity, causing irreversible health
issues, such as kidney damage, neurological disorders, and
birth defects.**® Anthropogenic emission of mercury by solid
waste incineration (municipal and medical wastes), coal and oil
combustion, and metal production (iron, lead, and zinc) is
a major concern. State-of-the-art technology for mercury
capture from aqueous and gaseous systems includes chemical
precipitation, ion-exchange, adsorption and membrane filtra-
tion.™® From an economic standpoint, adsorption, e.g. with
activated carbon, is a low-cost and widely applicable process.
Sulfur-based materials on the other hand show much higher
efficiency but the morphology and crystallinity of elemental
sulfur makes its processing into useful materials difficult. Even
though the interaction of heavy metals with sulfur materials is
not fully understood yet, it is generally accepted that sulfur
functionalities have a strong affinity to heavy metals."*® As
a result, sulfur-doped carbon materials are widely used for
heavy-metal adsorption from aqueous solutions.**®

Sulfur polymers are a promising alternative, since they
consist of a very high fraction of sulfur and can be processed
into any shape with a wide range of techniques, depending on
the final application. The first reported inverse vulcanised
materials for heavy metal uptake were developed by Chalker
et al. using limonene as the comonomer.” While the uptake of
the final product only showed an efficiency of 55%, the mercury
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was bound tightly. Since then, the efficiency of these materials
could be improved tremendously by employing hydrophilic
comonomers to increase the interaction of the polymer with
water and individual metal ions.****"*** Further advances were
made by increasing the surface area of the adsorbent by coating
of microporous support materials, foaming with supercritical
CO,,"* or the use of porogens such as sodium chloride."* In the
latest report from the group of Chalker, they demonstrated the
effective adsorption and recovery of gold from different waste
sources. Importantly, this method relies on polysulfide-based
polymers - analogous to inverse vulcanised polymers — which
are therefore free of cyanide and mercury, which is a crucial step
towards more sustainable gold production and recycling.
Recovery of gold from the sorbent could be achieved by depo-
lymerisation or pyrolysis, where the latter has to be contained
carefully to avoid the release of toxic gases.”

Beside heavy metals, oil and hydrocarbon fuel spills pose
significant threats to soil and water ecosystems, impacting the
environment, economy, and human health. The Deepwater
Horizon disaster in 2010, which released approximately 4.9
million barrels of crude oil into the ocean, is just one example of
many and highlights the devastating impact of such inci-
dents.” Smaller spills of diesel fuel and gasoline occur more
frequently and are particularly concerning in developing
regions where limited resources hinder effective responses,
endangering groundwater, drinking water, and other vital food
sources like fish. These environmental catastrophes emphasise
the importance of research into cost-effective technologies to
enhance spill response technologies. Hence, skimming tech-
nology and sorbents, which can be produced and deployed on
a large scale, have gained significant interest. Ideally sorbents
are hydrophobic with a high surface area for effective adsorp-
tion of hydrocarbons and float on water so they are easy to
recover.”® Electro-spinning provides further opportunities to
increase the surface area of adsorber materials. Thielke et al.
demonstrated the co-spinning of poly(methyl methacrylate)
(PMMA) and a sulfur-rich copolymer based on poly(sulfur-stat-
diisopropenylbenzene) yielding a fiber mesh with a high surface
area, suitable for the removal of mercury.**®

Inverse vulcanised polymers offer great potential to solve
these problems as shown by many studies, where these mate-
rials could be synthesised at kilogram scales and at low cost.
Chalker et al. demonstrated the synthesis of porous polysulfides
derived from canola oil, which was found to absorb roughly
twice its weight in crude oil by forming oil-polymer aggregates,
and could easily be separated from water (Fig. 7).°* Additionally,
the absorbed oil could be removed from the porous polysulfide
through mechanical compression, enabling the material to be
reused in oil spill remediation.

Further enhancement of the adsorption and separation
efficiency of IV-based materials could be achieved by coating of
highly porous support structures such as porous carbons, MOFs
or zeolites. It has been shown that by the addition of for
example silicon containing comonomers, sulfur polymers can
coat almost any surface, thereby strongly increasing their range
of applications.’****

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Left: (A) elemental sulfur and canola oil (or used cooking oil) react directly to form a polysulfide copolymer. The polymer, equal mass in
sulfur and canola oil, is a friable rubber. The inclusion of sodium chloride in the reaction mixture results in a polymer-salt composite. The sodium
chloride can be removed with a water wash to introduce pores into the polymer. If the polymer is ground finely (0.5-3.0 mm particle size) and
then washed with water, the void spaces formed after sodium chloride removal no longer appear as pores. In this case, the polymer tears at the
salt interface where a pore would otherwise form. This finely milled polymer is referred to as a “low-density polysulfide” rather than a “porous
polysulfide”. (B) The polysulfide copolymer is formed by ring-opening polymerisation of elemental sulfur and reaction of the resulting thiyl-
radical end groups with the Z-alkene of the unsaturated cooking oil triglyceride (primarily oleate and linoleate in the oils used in this study); 87%
of the alkenes are consumed in the polymerisation, as determined by *H NMR spectroscopy. (C) Left to right: The polymer-salt composite was
prepared on a 2.5 kg scale and ground finely before washing with water. After washing with water and drying, 750 g of the low-density polysulfide
was obtained (far right image). Right: (A) crude oil (100 ml) was added to 1.50 L of seawater. The low-density polysulfide (100 g) was then added to
the oil—water mixture. In less than 1 min, the oil and polymer form an aggregate that can be removed from the water by skimming with a net. (B)
The crude oil can be recovered from the low-density polysulfide by mechanical compression and the recovered polymer can be reused in oil
sorption. (C) A filter was constructed in which 30 g of the low-density polysulfide was packed into polyvinyl chloride (PVC) pipe. The polymer was
immobilized using PVC mesh on the inflow end and cotton fabric on the outflow end. A mixture of crude oil (10 g) and seawater (100 g) was
poured through the filter. The oil remained bound to the polymer while the purified seawater passed through the filter. Adapted from Adv.

Sustainable Syst. 2018, 2, 1800024 with permission.

Possible sustainability impact. Activated carbon is typically
produced from fossil-based materials like coal, petroleum coke,
or even natural gas. This production process is energy-intensive,
contributing to carbon emissions and resource depletion.

By choosing the right comonomers during the IV process,
the polymer's structure and functionality can be optimised for
selective absorption of different contaminants. For example,
certain comonomers can improve the polymer's capacity to
absorb heavy metals like mercury, cadmium, or lead, making
the material more efficient and reducing the need for large
quantities. It was also shown that bio-based comonomers can
be utilized to produce efficient adsorber materials.**

Rather than being disposed of in landfills, the loaded sulfur
polymer can be repurposed, contributing to the circular
economy by transforming waste into valuable construction
materials. The sulfur-based binder could enhance the
mechanical properties of concrete while providing an environ-
mentally friendly disposal route for the contaminants it
absorbed.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Even though long term studies still need to be conducted,
sulfur has a strong affinity for heavy metals, forming stable
bonds that prevent leaching into the surrounding environ-
ment.* In contrast, activated carbon binds heavy metals more
weakly, which could lead to the release of these pollutants over
time in landfills, posing risks to soil and groundwater.

Construction materials

Binders and asphalt. Polymers with high sulfur content such
as polysulfides have a long history in construction mate-
rials.”>*** The commercial availability of sulfur as a by-product
of the oil and gas industry, its low cost and the unique prop-
erties described above, makes it a viable large-scale construc-
tion material alternative to Portland cement, asphalt, mortars,
and concretes, with the term “sulfur concrete” referring to
mixtures of sulfur as the binder with various aggregates like
sand, gravel and stone chips.'>*** Sulfur concrete is created by
cooling mixtures of aggregate and molten sulfur, which
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solidifies to form a product with hardness comparable to
conventional concrete. It offers unique properties, such as rapid
strength development and high final strength, low permeability,
and superior resistance to strong acids and saline solu-
tions.''*>1% However, a significant drawback of sulfur concrete,
when using unmodified elemental sulfur, is the high shrinkage
volume upon cooling, leading to distortion and inaccurate final
dimensions. Sulfur can be transported to constructions sites
both in the solid form and in the liquid form. Transferring
sulfur to the molten form facilitates its handling since it can
simply be pumped in and out of a heated tanker. Trans-
portation over short distances can be done in insulated
containers, where the low thermal conductivity of sulfur helps
to retain its temperature and minimise heat loss. At longer
distances however, keeping the sulfur molten is just impractical
due to energy consumption; secondly these tankers are not easy
to clean, so they can only transport materials one way, which
makes it economically not feasible. Therefore, the sulfur
industry has spent many resources developing methods to
produce solid sulfur granulate with regular size that can be
handled easily and limit environmental pollution.'** Further-
more, the manufacturing of concrete blocks, railway sleepers,
tubing or other parts for infrastructure is much easier and is an
emerging application for sulfur-based concrete.'®®

To address transportation issues, sulfur-based cement
formulations have been improved by adding modifiers. Sulfur
polymer cement consists of elemental sulfur and organic
modifiers, such as DCPD, and oligomers of cyclopentadiene,
styrene, and mixtures of these, enhancing long-term durability.
The proportions of these stabilisers/additives vary depending
on the desired properties and use of the sulfur cement, typically
between 1% and 14% by weight of the total sulfur."* This
modification process to stabilise elemental sulfur can be seen
as one of the first approaches to “inverse vulcanisation”.
However, since the load of the modifier usually does not exceed
14%, plenty of unreacted sulfur remains in the material,
whereas inverse vulcanisation aims at complete sulfur conver-
sion in order to prevent a recrystallisation and therefore
maintain structural integrity of the final product. Even though
so-called modified sulfur was successfully tested as a concrete
binder in the 1970 s, modern approaches to sulfur as a concrete
binder go by a different pathway: Sulfur is used in its elemental
state, whereby the filler materials, such as gravel and sand, are
coated with a binder-like material to prevent recrystallisation of
the sulfur.'®* However, recent development of new bitumen-like
binders based on sulfur polymers show promising results as
a more sustainable alternative for concrete and building
materials. Since inverse vulcanisation provides a wide range of
possible comonomers, physical and chemical properties can be
precisely tuned to fulfill necessary requirements for application
as concrete binders or even in road surfacing.”®*¢*¢*

Insulation materials and flame retardancy. Beyond potential
applications as concrete binders, high sulfur polymer compos-
ites were tested as insulating materials with additional flame
retarding properties. One example is the work of Chalker et al.,
who developed a sulfur, canola oil, and wool composite material
that demonstrates exceptional insulating and flame-retarding

4210 | RSC Sustainability, 2025, 3, 4190-4227

View Article Online

Critical Review

properties. The thermal insulation benefits from the sulfur-
polymer matrix, which retains the low thermal conductivity of
elemental sulfur (~0.2 Wm™' K ') while retaining high
mechanical strength. The composite achieves even lower
thermal conductivity (0.09 Wm ™ K™ ') due to the integration of
wool, hereby outperforming typical bulk polymers and light-
weight concretes. Wool also enhances the material's flame
resistance; composites exhibit rapid self-extinguishing proper-
ties without dripping molten material, unlike the base sulfur-
polymer. This performance is most likely attributed to the
rapid formation of a protective char layer and wool's inherent
high ignition temperature and nitrogen content, which syner-
gistically suppress flames. These sustainable and efficient
properties position the material as a promising candidate for
energy-saving insulation and safe construction applications.'®

In another example by Pyun et al. flame retarding sulfur was
integrated directly in the polymer structure by synthesising
sulfur-containing polyols by inverse vulcanisation. These pre-
polymers could then be applied in chain extension reactions
and polyaddition with urethans to form segmented poly-
urethanes. The incorporation of sulfur introduces a flame-
retardant quality, which can self-extinguish rapidly upon igni-
tion, achieving the highest UL-94 VO flame retardancy rating.
Even though commercial segmented polyurethanes burn upon
ignition, hence failing the flammability test, and sulfur also
burns with a blue flame, the combination of both materials
yields synergistic flame retarding properties. The adjustable
mechanical performance and thermal stability of these mate-
rials underlines their broad utility in high-performance appli-
cations especially for the construction and insulation
industry.”

Possible sustainability impact. Through high energy use and
inherent CO, production during the calcination reaction, the
production of building materials such as steel and concrete is
one of the biggest CO, emitters worldwide."”®""* Partial
replacement of concrete and insulating materials such as stone
wool for construction with sulfur-based polymers could help to
reduce CO, emissions as well as waste produced by side
reactions.

Furthermore, the repairability of construction materials, and
thereby their lifespan, could be strongly improved with the use
of sulfur materials due to their inherent dynamic and self-
healing properties. However, the thermally and UV-light
induced metathesis of S-S bonds might also limit the areas of
application where high heat resistance is required or prolonged
exposure to sunlight cannot be excluded.

It was also shown that sulfur-based materials have been
proven to exhibit a higher resistance against water, pH and
biofouling compared to conventional binders and insulators
which would help the longevity of buildings and infrastructure.

Fertilisers

Historically, sulfur received minimal scientific attention
because it was sufficiently available from the atmosphere, soil,
and as a by-product in mineral fertilisers. However, the use of
highly concentrated fertilisers with little or no sulfur in modern

© 2025 The Author(s). Published by the Royal Society of Chemistry
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agriculture has drastically reduced sulfur availability in soils.*
Studies have indicated that adding sulfur to soil improves crop
yield, drought tolerance, nitrogen efficiency, and phosphorus
uptake.'”> The addition of elemental sulfur pellets shows only
minor effects due to the slow microbial oxidation and therefore
slow plant uptake. Hence, agriculture represents a significant,
however slowly growing market for sulfur-based compounds
either as fertilisers or as controlled release systems. By delaying
nutrient release, such fertilisers allow for gradual uptake
following application and provide sustained nutrient avail-
ability over longer periods compared to traditional fertilisers.
Slow- and controlled-release fertilisers are typically achieved
using coatings that control fertiliser solubility, with sulfur-
coated urea, often further coated with polyolefins or resins,
being a common example.'”**”> This can reduce the caking
tendency of various fertilisers during storage and trans-
portation and delay nutrient release, while also serving as
a secondary plant nutrient essential for plant growth. However,
the crystalline nature of sulfur and exposure to higher temper-
atures in the soil lead to the formation of microscopic pores,
resulting in brittleness and higher friability, which causes an
abrupt release of nutrients. To enhance the overall performance
of phosphorus fertilisers and support their conservation,
“smart” fertilisers have been explored. Chalker et al. demon-
strated that inverse vulcanised polymers can also serve as
controlled-release fertilisers.*” In their study, elemental sulfur
was copolymerised with canola oil, incorporating three
components of NPK (Nitrogen-Phosphate-Potassium) fertil-
isers: ammonium sulfate, calcium hydrogen phosphate, and
potassium chloride. A small-scale plant growth study using
tomato plants (Lycopersicon esculentum) as a model revealed that
after 10 weeks, plants treated with the sulfur polymer composite
were significantly taller, had greener foliage, and produced
more fruit compared to those treated with free NPK (Fig. 8). A
similar approach by Valle et al. showed an improved sulfur
oxidation and thereby sulfate release from an inverse vulcan-
ised polymer consisting of soybean oil as the comonomer
compared to sulfur pellets. It is suggested that the triglycerides
might act as a nutrient source for sulfur oxidising fungi, which
leads to continuous sulfate release.*® They further investigated
the diffusion of phosphorous fertilisers and the oxidation of the
sulfur species in the polymer to further optimise the delivery of
nutrients in a Petri dish experiment as well as soil."”*'"”

Possible sustainability impact. Sulfur is a vital secondary
macronutrient. Using sulfur in inverse vulcanised materials as
a smart fertiliser system not only repurposes industrial by-
products but also provides a sustainable nutrient source that
enhances crop yields and improves soil quality.

Bio-derived comonomers, like canola oil or used cooking oil,
offer a renewable and biocompatible alternative to fossil-fuel-
based materials in inverse vulcanised polymers, promoting
resource sustainability. These plant-based components could
be biodegradable, reducing environmental pollution and sup-
porting more eco-friendly agricultural practices.

Smart fertilisers with controlled-release properties reduce
nutrient waste by delivering nutrients to plants over time,
improving crop yields and minimising environmental damage.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This efficient nutrient management helps farmers produce
more food with fewer inputs, addressing the challenge of
feeding a growing global population sustainably.

Ageing and wear

Due to the early stages of development, inverse vulcanised
polymers are yet to be considered for their lifespan and use
phase of commercial products as ageing might lead to a reduc-
tion of lifetime or a variation in the properties of an active
material. For example, if used as an additive for Portland
cement, a polymer that loses mechanical strength during the
ageing process would not allow for the longevity of buildings
and structures, and the change in physical properties could
create danger for consumers if a material ages too quickly.
Initial studies into the ageing of sulfur/polymer composites for
the construction industry exhibit no swelling, water uptake or
deterioration of mechanical properties even after soaking in
aqueous sulfuric or hydrochloric acid for 24 h.*** Another
example closely related to high sulfur polymers is the ageing of
vulcanised rubber, where high temperatures can result in
a curing effect increasing the cross-link density and thus the
brittleness of the material."”® This is an important concept to
investigate for any polymer that is being applied in a system that
requires consistent mechanical properties e.g. concretes, car
tyres, etc. Indeed, the Automotive Association in the UK
suggests the maximum lifespan of a car tyre to be between 5 and
10 years.'”®

Next to thermal ageing, sunlight is one of the major
contributors to ageing effects in polymer materials. Approxi-
mately 42% of solar radiation is in the infrared range (wave-
lengths greater than 800 nm), contributing to the heating of
irradiated objects, but usually does not initiate photochemical
reactions that degrade polymeric binders. UV light with wave-
lengths between 280 and 400 nm on the other hand, is
responsible for many changes in polymeric materials exposed
outdoors, significantly influencing polymer degradation.'®
Typical photochemical ageing reactions include chain scission,
cross-linking, formation of low-molecular weight compounds
and introduction of new functional groups.'®* Chain scission
and cross-linking are the predominant ageing processes, where
depending on the type of material and additives, one dominates
over the other. When chain scission dominates, the material
becomes softer over time, whereas cross-linking leads often to
brittle materials. Chain scission can also lead to the degrada-
tion into smaller low molecular weight compounds and with
further weathering can then be extracted and washed out,
causing loss of strength, localised loss of volume, and shrinking
and cracking of the material surface.”® Similar to commercial
materials like PIMS (polymers of intrinsic microporosity),
inverse vulcanised polymers age over time and their perfor-
mance properties change. Since S-S bonds can be cleaved and
healed with UV irradiation,® it can be suggested that sunlight
can affect the physical properties of these polymers over time,
even though it has been shown that, depending on the como-
nomer used, they can also show UV stability and even blocking
properties.’*'®* Van Os and colleagues investigated this
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A: No polymer, No NPK B: Polymer, No NPK C: NPK-polymer composite D: Free NPK, No polymer

Day 1

‘e

Day 21

Day 21

Day 56

Fig.8 Day 1: transplanted tomato plants. Day 21: the controlled-release NPK sulfur polymer composite produced consistently green and healthy
plants (Group C) while the plants with the free NPK suffered from nutrient burn (Group D). Day 56: the controlled-release NPK sulfur polymer
composite (Group C) promoted more rapid growth and more fruit than the plants with free NPK (Group D). Plants C1, C2 and C3 are the three
different plants grown for 56 days with the NPK sulfur polymer composite. All of these plants with the controlled release fertiliser bore fruit and
blossoms (fruit shown in the inset). Reproduced with permission from Org. Biomol. Chem., 2019,17,1929-1936. Copyright 2025, Royal Society of

Chemistry.

concept in car tyres under accelerated ageing conditions, using
EDX analysis to determine a decrease in the sulfur content of
the rubber materials with ageing.'®* With inverse vulcanised
materials, this could result in the recrystallisation of elemental
sulfur also known as sulfur blooming. When the depolymerised
sulfur within the polymer network is sufficiently abundant and
mobile, it can crystallise inside the network, causing sulfur
bloom. This is related to a visual effect where the polymer
becomes more opaque, its colour shifts towards yellow and
sulfur crystals may even form on the surface (Fig. 9).>*

As can be seen in Fig. 7, 9 and 12 inverse vulcanised poly-
mers are mostly dark brown and black in colour due to their
high level of light absorption and direct exposure to sunlight
and UV irradiation, and photochemical ageing processes might
only affect outer layers of the material down to 1-2 mm. Cracks
in the material surface further accelerate their degradation
when they are exposed to warm and humid environments. In
some reports it was observed that with time, inverse vulcanised
polymers turn from soft and flexible to hard and brittle, which

4212 | RSC Sustainability, 2025, 3, 4190-4227

could be attributed to curing under ambient conditions."® Over
time, atmospheric moisture can penetrate the polymer network,
which can be monitored by the development of a water peak
DSC. This adsorbed water can facilitate depolymerisation and
the release of hydrogen sulfide gas. The susceptibility to ageing
by water penetration varies with the cross-linking density as well
as the sulfur content, with polymers with higher amounts of
sulfur being more prone to depolymerisation. Additionally,
certain comonomers could increase a polymer's tendency to
undergo depolymerisation due to water if the monomer exhibits
hydrophilic character, although further research is needed to
better understand the structure-property relationships that
govern ageing in these materials.

It has been observed that sulfur may exist within the polymer
matrix in an amorphous form.>® When crystalline sulfur is not
observed in PXRD or in the melting transition of the DSC,
amorphous sulfur can be extracted and observed by means of
HPLC or UV-vis spectroscopy. This unreacted sulfur can then be
quantified against a standard of elemental sulfur. The presence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Inverse vulcanised polymers showing visual evidence of the
sulfur bloom effect. The polymers on the right show severe sulfur
bloom all over the pieces due to being made with excessively high
sulfur contents and not being cured. The polymers on the left show
moderate sulfur bloom. Note how the sulfur bloom occurs toward the
bottom of these polymer cubes because they were poured into a 1
cm?® mould too early in their reaction, resulting in the denser sulfur
sinking to the bottom of the cube in the absence of stirring. This led to
excessively high sulfur concentrations in the bottom of the cube in
comparison to the top, which could not be stabilised, resulting in sulfur
bloom. Reproduced with permission from RSC Appl. Polym., 2025, 3,
10-42. Under the Creative Commons Attribution 3.0 Unported
Licence, Royal Society of Chemistry.

of this unreacted sulfur may lead to accelerated sulfur bloom
and hydrogen sulfide evolution. Adjusting the reaction condi-
tions allowed for control over the quantity of unreacted sulfur
generated during the reaction. The quantification of this
unreacted sulfur has been reported in multiple instances e.g. in
lignin-sulfur polymer composite materials assessed for their
mechanical properties.*®>'5¢

Next to water and moisture, amines can also catalyse the ring
opening of elemental sulfur as well as sulfide bonds in these
materials and therefore promote their depolymerisation and
degradation.””'®® It can be suggested that naturally occurring
amines, such as amino acids and ammonia could also catalyse
their degradation and oxidation, yet it was shown that not all
inverse vulcanised polymers are affected by the presence of
amines.>

Degradation and ageing through moisture and water is also
often accompanied by biological attacks such as biofouling and
molding, which is the most common cause of microbiological
damage to sealants and coatings.'®>'*>'** Beyond biological
impacts, pH variations in soils are a major influence on the
ageing of polymer materials. Yet acids, bases and organic
solvents have minor effects on the S-S bonds; however,
depending on the used comonomer, swelling behaviour can
change, as well as the acid/base catalysed degradation of the
organic components, especially with ester bearing monomers.
Since there are only limited studies on their ageing behaviour,
we can draw comparisons with well-studied materials such as
organic polysulfides that are widely applied as sealants, etc. and
can act as model materials on how weathering end environ-
mental exposure could affect S-S and C-S. Hence in the
following section parallels will be drawn between commercial
polysulfide materials and inverse vulcanised polymers.

In civil engineering, the resistance of sealants and building
materials to biodegradation is crucial, particularly for applica-
tions in tunnels, sewers, sewage treatment plants, concrete,
asphalt, pipelines or coatings where the materials are exposed
to aerobic and anaerobic bacteria.”* In several studies on
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sulfur-based sealant biodegradation resistance, various natural
and synthetic rubber seals and cured-in-place sealants were
tested in soil samples and the sludge tank of a sewage treatment
plant. Polyurethane sealants and synthetic rubber seals
demonstrated the highest resistance to microbiological attack,
while foamed rubber seals made from natural and synthetic
rubber blends showed the least resistance.'® A possible expla-
nation could be that inorganic polysulfides are intermediates of
sulfide oxidation that occur in a range of environmentally
relevant processes including pyrite formation, organic matter
sulfidisation, isotope exchange among reduced sulfur species,
and metal chelation.”” The biological oxidation of C-S and S-S
bonds may lead to bond scission and the formation of sulfates
that can be consumed by plants and microorganisms. This has
been shown in laboratory experiments with microbial cultures
and enzymes and indicates both indirect and direct roles of
microorganisms in affecting polysulfide chemistry in natural
environments through production and consumption.*>*** As
polysulfides have been detected in a wide array of natural
systems ranging from microbial mats to hydrothermal vents, it
is possible that sulfur metabolising bacteria and fungi might
indeed attack polysulfide moieties in sulfur polymers. Ribeiro
et al. showed that the sulfur species in inverse vulcanised
polymers soil in the presence of
microorganisms.

The findings underline the necessity of long term (bio)
degradation studies and the impact of degradation products on
the environment, especially in fields where degradation is
advantageous, such as fertiliser release. The aforementioned
study by Chalker et al. exploring the potential of sulfur polymer
composites as slow-release fertilisers, suggests that the sulfur
polymer may slowly degrade in soil, with potential impacts on
the soil structure and plant health. Since the polymer is based
on plant oils, the ester groups might hydrolyse under the basic
conditions of the soil, releasing glycerol. The smaller degrada-
tion products could then also be better metabolised or oxidised
by microbes and plants as sulfur rich nutrients.*”

slowly oxidise in
176

System sustainability

The real-life applications show great potential to contribute to
a circular economy. They can replace current IR lens tech-
nology, separation methods or new smart fertilisers. Repar-
ability is one of the main concepts to increase circularity and
longevity of these materials, especially for the building industry.
The only technology mentioned, where the concept for circular
economy (in this case recycling) is not fully developed yet, is
sulfur batteries. Nevertheless, high capacity, lower weight and
long-term stability can also decrease environmental impact,
showing that circular economy is popular but not the only
solution. To introduce recycling the end-of-life process itself
must be compatible with current technology and further be
economical as well. Well-founded recommendations based on
environmental and social credentials of inverse vulcanisation-
based products are only possible through a detailed compar-
ison with the established life cycle of products. Certain factors
can indicate which process is less harmful, such as extended
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lifespan, higher efficiency, reduced waste generation, or the use
of environmentally safer materials that prevent leaching of toxic
substances to the environment.

The characteristics of ageing of inverse vulcanised polymers
need to be studied further, because as emergent technology, their
ageing is less studied; quality degradation over time may lead to
land or water pollution due to leeching or degradation which can
also lead to lower quality products in end-of-life treatments. The
identification of triggers for degradation can also help define the
most appropriate use-case examples for scale-up as well as
recommendations for efficient end-of-life treatment. Even though
degradation during the use phase might lead to environmental
harm, we think the most significant environmental impact will
occur during the production and end-of-life.

From a social standpoint, introducing inverse vulcanisation-
based products, every measure that reduced health and safety
risks, making technology more accessible and the handling
easier improve social sustainability during the use phase and
are not less important than environmental impact. Introducing
technologies which are repairable such as IR lenses or cement
could create new job opportunities, which influences employees
and the general society positively. Using products which are
built with less harmful materials and therefore are safer and
easier to handle, e.g. sulfur batteries, increase the value for
customers. Separation technologies increase the community
and overall social value simply due to its use to bind heavy
metals and oils. Keeping or increasing the value of the product
without having to make major adjustments to one's own
behaviour could promise an easier switch of the society towards
the environmentally friendly alternative. The overall social value
needs to be assessed when the products are on the market and it
is recommended to pay as much attention to social responsi-
bility as to ecological assessment.

End-of-life

From a technical standpoint there are many ways inverse
vulcanised polymers can be reprocessed to restore the original
properties of the material or to create new materials. Both the
dynamic nature of the S-S bonds, and the properties of the
comonomers, mean that the intermingling of different sulfur-
based polymers could impact end product quality. This
suggests that, just as in traditional plastic waste recycling,
proper sorting of the waste streams is essential. Considering
commercial waste stream compatibility and sorting, due to the
dark colour and/or high IR refraction of the polymers, it can be
difficult to identify sulfur polymers and separate them from
other commodity plastics. The vast range of different comono-
mers further complicates the separation of individual materials,
as does the suggested applications where deployment will most
likely be in multi-material products such as batteries, filtration
cartridges or built environment infrastructure. Regardless, high
accuracy sorting will be necessary to guarantee homogeneous
material properties even after reprocessing through, e.g,
melting and reshaping.

Since inverse vulcanised polymers should contribute to
a circular economy, we are not considering scenarios like
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Fig. 10 The 10 Rs for the end-of-life treatment of plastics.

landfills - especially due to their unclear environmental fate - or
thermal energy recovery since the incineration of sulfur gener-
ated toxic gases. The most common end-of-life scenario
mentioned in the literature concerning inverse vulcanised
materials is “recycling”, but recycling is only one of many
considerations to improve the lifecycle of a product for
a circular economy: The 10 Rs (refuse, reduce, reuse, repair,
refurbish, remanufacture, repurpose, recycling, recover, and re-
mine), as shown in Fig. 10, provide a comprehensive framework
for designing and managing products and services to reduce
waste, conserve resources, and minimise environmental
impact.® In the following section we discuss opportunities for
inverse vulcanised materials for selected Rs from short,
medium and long loop circularity that are most promising.

Repair

The meaning of ‘repair’ is often misinterpreted: The purpose of
repairing is to extend the lifetime of the product and is
described as ‘making it as good as new’ or ‘replacing broken
parts’.*” Even though this concept is quite clear, it is often
subject to misuse in a different context such as ‘refurbishment’.
The important difference is that repairing can be done by the
users themselves or a third-party repair company, without
return to the original manufacturer.

It was shown that infrared lenses made from inverse
vulcanised DIB can be repaired to gain the original mechanical
and optical properties, offering a huge advantage over tradi-
tional inorganic infrared lenses made from germanium or
chalcogenide glasses. In particular, the poly(S--DIB) lenses

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Damaged inorganic lenses (germanium lens (top) and zinc
selenide lens (bottom)) that cannot be repaired for IR imaging. (b)
Poly(S-r-DIB30) copolymer lens which is drastically damaged but
repaired and functional by thermal annealing at 100 °C. Reproduced
with permission from ACS Macro Lett. 2015, 4, 862-866. Under the
Creative Commons public use license, CC-BY or CC-BY-NC-ND,
American Chemical Society.

maintained their dimensional integrity during the healing
process, with minimal deformation (Fig. 11).**

In the chemical repair process of sulfur materials, nucleo-
philes such as amines or phosphines are used to catalyse S-S
bond metathesis at room temperature, enabling adhesion,
repair, and recycling without the need for high-energy inputs,
compared to thermal repair. Specifically, pyridine and tri-
butylphosphine are effective catalysts for S-S bond exchange.
Tributylphosphine is consumed in the reaction, providing rapid
metathesis, while pyridine (even though toxic) acts as a catalyst
that can be regenerated and removed. The repair effectiveness
mainly depends on the sulfur rank, where higher ranks (>2)
enable more efficient S-S metathesis, meaning that higher
sulfur content also contributes to better repairability. However,
compared to thermal treatment, the tensile strength cannot be
fully recovered. It was shown that under optimal conditions
a maximum of up to 74% recovery of tensile strength was
achieved.'®®

Remanufacture

‘Remanufacture’ applies where a multi-component product is
disassembled, checked, cleaned and when necessary replaced
or repaired in an industrial process to restore the original state.
The final product can partly consist of new and/or recycled
materials, or fully consist of recycled components. Even though
the original properties are restored, the lifespan of remanu-
factured products is expected to be shorter due to the use of
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Fig. 12 (A) Melting behaviour of branch-poly(S-r-NBS20) with
different degrees of siloxane branching. Granules of branch-poly(S-r-
MENBS20) before (i) and after 2 h (i) at 80 °C. Granules of (ii) branch-
poly(S-r-DCNBS20) and (iii) branch-poly(S-r-TCNBS20) after 2 h at
80 °C. (B) Moulded objects made from 2 g of branch-poly(S-r-NBS20)
at 80 °C overnight. While (i) branch-poly(S-r-MENBS20) and (ii)
branch-poly(S-r-DCNBS20) adopted the shape of the mould, branch-
poly(S-r-TCNBS20) was still rubbery at 80 °C and did not fully adopt
the shape of the mould. (C) 29Si CP/MAS NMR spectra of (i) branch-
poly(S-r-MENBS20), (ii) branch-poly(S-r-DENBS20), and (iii) branch-
poly(S-r-TENBS20), showing characteristic peaks for M, D, and T
siloxane bonds, respectively. The peak at 1.4 ppm present in each of
the spectra corresponds to the trimethyl-substituted silicon atom
stemming from the TMNBS comonomer. Reproduced with permission
from Angew. Chem. Int. Ed. 2022, 61, e202114896. Copyright 2025,
John Wiley and Sons.

recycled components.'® Besides remanufacturing of materials
that are damaged beyond repair, remanufacturing processes
would come into play also with IV-based composite materials,
where filler particles, glass- or carbon fibers are used to improve
mechanical properties. It was shown that composites can be
healed by thermal treatment such as hot pressing; even though
these materials retain good mechanical stability over multiple
healing cycles, the incorporated fibers wear and tear with
mechanical stress. As a potential solution to this problem, in
a remanufacturing process, the sulfur-polymer based matrix
could be melted so that the fillers or fibers can be removed and
replaced by a virgin material. Similar to the repair process,
melting and reshaping is highly dependent on the used
monomers and the arising cross-linking density (Fig. 12).°®

Repurpose

The concept of ‘repurpose’ is rarely used in the literature.®® By
reusing discarded high and low value goods or components
adapted for another function, the material gets a distinct new
life cycle. This is of special interest for materials with a range of
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(A) Reactive compression molding can be used to recycle the 50-poly(S-r-canola) material. (B) 50-poly(S-r-canola) can be used to

remove Fe>* from water and then repurposed to a new architecture via reactive compression molding. At these levels, the bound iron did not
affect the reactive compression molding. Reproduced with permission from Chem. Eur. J. 2020, 26, 10035. Copyright 2025, John Wiley and

Sons.

useful properties and promising applications such as inverse
vulcanised polymers.

One example for the repurposing of inverse vulcanised
materials is by compression molding of spent heavy metal
adsorbers (or other materials that cannot be returned to their
original purpose) by heating the material to moderate temper-
atures (approximately 100 °C) while applying mechanical
compression (Fig. 13). This allows the material to be reformed
into new shapes or configurations under solvent-free conditions
while maintaining the material's mechanical and chemical
integrity. By combining the sulfur polymer with fillers like sand,
coconut coir, or carbon fiber, high performance composites can
be produced with tuneable mechanical properties. These
composites demonstrate enhanced flexibility, stiffness, or other
desirable characteristics depending on the filler used. Further
applications include bitumen binders for concrete or asphalt to
confine toxic materials instead of landfilling with potential
leeching of toxic substances.'*®

Recycling

While ‘recycling’ is the most frequently discussed end-of-life
treatment for plastics and polymers, for value retention options
it is nearer to the bottom. Especially for low-value, high-turnover
products, recycling can limit the extraction of virgin materials.
Here it is crucial to state that recycling only works if the input
streams are very pure and consist of the same composition such
as monomers and additives. The tedious separation and selec-
tion of recyclable materials through numerous methods leads to
different quality levels. This makes it difficult to compete

4216 | RSC Sustainability, 2025, 3, 4190-4227

especially with cheap virgin materials such as polyethylene,
polypropylene, or polystyrene, even though high value polymers
such as HDPE could be recycled nearly 100 times."” This is an
example of only a few polymers that can be recycled with
minimum quality loss, but when collected and separated in
sufficient purity, even inverse vulcanised polymers might be
potential candidates for efficient recycling.

A first attempt to recover the carbon-based components
could be achieved by the reduction of the S, species to thiols by
the addition of Na,SO;, which reduces polysulfide linkages to
disulfide groups. Subsequent treatment with NaSH splits the
disulfide linkages forming -SH and -SSH end groups. This
cleavage occurs at both the internal and terminal groups
(Scheme 1).

This approach is commercially used to produce Thiokol
sealants and high performance disulfide-based resins.** The
residual thiols produced this way could then be separated and
purified and potentially be reused in IV processes or as a base
chemical for higher value materials.*®*** An advantage of this
approach could be the input of more inhomogeneous waste
streams, as the recovered organic compounds can be purified by

S ReSigr St —> .Rig-Sipr + Naps04

NasH —3» “.o.SH 4+ NaS R,
NaS._.R. + Na,SO;

—>» g-SNa 4 NayS,0,

Scheme 1 Reaction scheme of a possible chemical degradation
pathway of organic polysulfides.
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standard chemical separation methods. This would facilitate
the collection and sorting process, as well as the feedback loop
of raw materials to the IV manufacturing process.

Recent studies also showed promising results in the envi-
ronmentally friendly chemical devulcanisation of tyre rubber
using choline chloride-urea deep eutectic solvents.**® With
efficiencies of around 50% devulcanisation, this holds great
potential not only for vulcanised rubbers, but this could also be
transferred to inverse vulcanised materials to depolymerise
them and recover the initial organic compounds.

Recently it has been shown that polytrisulfides can be effi-
ciently depolymerised by S-S metathesis reactions with small
molecule trisulfides.*® In this work, Chalker et al. introduced
a HDPE analogue with trisulfides as breaking points, with the
potential for this platform technology to make a wide range of
polymers chemically recyclable, including inverse vulcanised
polymers. The general approach to incorporate breaking points
in polymers, such as ester groups that can be hydrolysed under
specific conditions is a widely investigated technology. This
could also help to make sulfur polymers easily recyclable and
potentially biodegradable, as they break down inverse vulcan-
ised polymers into smaller molecules that can be reused in
inverse vulcanisation, as the base material for other sulfur
containing materials. Smaller fractions could also improve their
metabolisation by sulfur bacteria in the environment. As
previously mentioned, initial findings by Chalker et al. suggest
that polymers based on plant oils can break down by hydrolysis,
releasing glyceride fragments and smaller sulfur containing
oligomers.*” This opens up the potential for biological recycling
of inverse vulcanised polymers and recovery of valuable mate-
rials, such as thiols and glycerides, that could be reintroduced
in the IV process or used as lower value base chemicals.
However, an in-depth investigation of the behaviour of sulfur
polymers under biological conditions is still pending. Lastly, it
needs to be noted that not all bio-based cross-linkers are
biodegradable when incorporated in a polymeric structure.

Further chemical recycling methods include catalytic pyrol-
ysis, but due to the development of toxic gases upon incinera-
tion and sulfur acting as catalyst poison, sulfur containing
polymers are not suitable for conventional pyrolysis plants.
Selective catalytic oxidation of sulfur components at elevated
temperatures, however, generates SO, that may ultimately
contribute to the production of sulfuric acid. SO, can also be
used together with H,S from the IV process for the recovery of
elemental sulfur via the Claus process, which is a well-
established technology and the main source for elemental
sulfur in industrial processes, thus contributing to the starting
material for sulfur polymers.

Mechanical recycling methods that are commercially applied
to grind and reprocess polymer materials that cannot be sepa-
rated or chemically recycled into lower value products, could also
be applied to these materials. Here, mixed waste fractions of
different comonomers could be combined and serve as, ie.,
bitumen binders, where no specific chemical functionality is
required. As a fine granulate with large surfaces, possible down-
cycling applications can be as adsorber materials for waste water
treatment and environmental remediation. It is important to
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highlight that with an increasing lifespan of products through
reusability, repairability or refurbishment, their end-of-life get
pushed further down the timeline. Nevertheless, in every prod-
uct’s life cycle there will be a point, where it will be disposed,
because the product cannot be used for its purpose anymore.
Depending on its properties it might still be considered for
repurposing. In order to recover the materials themselves, espe-
cially if they consist of limited resources, recycling as closed or
open loop recycling should definitely be the aim.

Despite its ecological importance, success often depends on
its competitiveness to common waste streams such as landfills
and thermal treatment in the context of environmental impact
but also economical. Given that its value retention is near the
bottom, circular economy concepts such as reduction of mate-
rials, design for repairability and the choice of materials should
be considered first. Closed loop recycling describes the reten-
tion of the material quality, allowing it to be used for the same
product or other products with the same material quality. Open
loop describes the decrease of material quality, and therefore
introducing the material in a different product stream with
lower material requirements.” Long life spans of products
raise a question regarding material availability, as the product is
used for several years, its materials can only be reintroduced
into the material stream as recyclate after that. If this takes
a long time, then a lot of goods are produced while others are
still in use, which requires further primary or secondary raw
materials from other product streams. This does not mean
designing a product with the properties to be recyclable, but
that for certain types of products, especially with long life spans,
other properties, such as made bio-based materials, easy
design, repairability, etc. are even more important.

System sustainability

Examining the end-of-life for inverse vulcanised materials is
very important as circular economy involves much more than
recycling. The most sustainable path - ranging from repair to
waste incineration — depends on the specific use case scenario
and the ease of recovery of the materials. Our goal should be to
keep these materials in their highest value condition for as long
as possible. Yet, to enable a concept of circular economy, the
infrastructure and technology to collect and sort needs to be
implemented. Support from product manufacturers to design
objects enabling repair and remanufacturing, as well as recog-
nition from recycling companies and waste management poli-
cymakers is crucial if these materials are to be scaled up.
Regardless of which type of end-of-life treatment is chosen, it
must be guaranteed that the materials do not simply end up in
the environment, especially when the products are not biode-
gradable. An important question that arises when evaluating
end-of-life scenarios is the quality and purity of materials that
result from any measures except incineration. If the purity is
high, a closed-loop recycling could be considered, although in
reality an open-loop recycling is more likely.

As for all other phases the details of the products and
processes are necessary to make a comparison between
different scenarios. Complex, elaborate recycling methods - as
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necessitated in chemical recycling strategies — require inputs
such as chemicals, electricity, heat for the process, and addi-
tional waste occurs. Combined with potentially long trans-
portation routes, there is the possibility that the disposal in
landfills or through energy recovery could have less environ-
mental impact. While recycling is important to avoid the
production of more primary materials, from a life cycle
perspective, the amount of materials that need to be recycled
and the necessary effort can favour incineration, especially
when only the end-of-life phase is considered and not the entire
life cycle. While the LCA might deliver results in favour of
incineration or landfills, making the end-of-life more environ-
mentally friendly still needs to be discussed, as technologies for
recycling could become cheaper, more efficient or available in
the future. Also, as highlighted several times, it is very impor-
tant to mention that GHG emissions are just one part of the
environmental impact products and processes generate.
Therefore, other impacts, such as water and land use, potential
toxicity due to chemical reaction and usage of solvents during
recycling, as well as pollution, etc. need to be assessed and
potential trade-offs need to be discussed.

When introducing different end-of-life scenarios for inverse
vulcanisation-based products, it is important that from a social
standpoint, the health and safety of the workers and labour
rights at the recycling plants or waste incineration plants are
guaranteed. Similar to the production phase, preventing
pollution to protect workers and local communities needs to be
assured. To minimise the pollution, new infrastructure must be
created, or established infrastructure has to be adjusted. To
implement the necessary infrastructure, communication with
the responsible supply chain is crucial to ensure correct
handling of the materials. Although it is the customer's
responsibility to dispose of the product in the correct waste
stream, designers, researchers and everyone involved in the
product development should consider how to make it recyclable
at the end of its life. Considering the habits of customers in the
use phase, communicating and educating the general public
about the correct handling and disposal, especially in regards to
circular economy is vital to successfully introduce new products
such as inverse vulcanisation-based materials.**> The preven-
tion of uncontrollable spills into the environment, as well as
striving to decrease environmental impact should be a concern
to everyone in our society.*® If these materials live up to their
claim of sustainability, it should be the highest priority to
communicate that in contrast to their substitutes, the use of
inverse vulcanisation processes and the resulting products
could reduce the environmental impact, thereby promoting the
ability of this and future generations to fulfil their needs.**

Measuring sustainability

The intertwined climate change and pollution challenges we face
cannot be overcome without proper data, collective effort, and
transparency. Putting numbers to the problem is the first step to
understand its range and develop possible solutions. Sustain-
ability assessment is a multidisciplinary technique to monitor
and evaluate sustainable characteristics of products, projects,
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Fig. 14 A structure for important environmental analysis tools
arranged by two criteria: the scale of the analysis object—ranging from
micro (small) to macro (large)—and the dimension of sustainability
(society, environment, and economy).

processes and policies in social, environmental and economic
aspects. There are many methods to evaluate sustainability, where
each one has its own advantages and disadvantages based on the
level of detail provided, the accuracy and precision of the results
and the considerations of society, environment and economy, as
indicated in Fig. 14. Importantly, they must comprise scope and
objectives of assessment, appropriate sustainability indicators,
the assessment technique, and finally the interpretation and
application of the assessment. In the following section we
describe methods that can be used to evaluate inverse vulcani-
sation on the lab-scale and on an industrial level.

The E-factor

On an everyday level the conduction of LCAs for simple lab
experiments is highly impractical, therefore we want to intro-
duce the Environmental Factor (E-factor) - first established by
Roger Sheldon in 1992 - as an efficient and quick tool to eval-
uate lab-scale synthesis in terms of their environmental foot-
print.>** It describes the mass of waste generated per mass of the
desired product, meaning less waste equals a lower E-factor
with an optimum at 0: E = Myase + Mbyproducts/Mproduct- It iS
also not limited to simple lab reactions it can also be used to
assess whole industrial production lines and factories. Even
though it does not include factors such as energy input, which
would require other tools such as LCA, it provides good
comparison between different manufacturing routes. Further-
more, similar to all environmental considerations, they are
highly dependent on the boundaries set for the process.
Initially, E-factors were calculated on a gate-to-gate basis - from

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00387c

Open Access Article. Published on 29 2025. Downloaded on 29/10/2025 20:49:19.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

raw materials entering to products leaving a manufacturing site
- focusing only on processes conducted at that site. However,
raw materials used in the synthesis, can already be advanced
intermediates produced through multi-step processes.
Purchasing intermediates rather than producing them on site
can already lower the E-factor drastically, but creates inconsis-
tencies in assessing process sustainability. To address this, E-
factors should ideally account for the environmental impact
of procured raw materials, possibly starting from basic,
commercially available raw materials.

If we look at the E-factor of the inverse vulcanisation process,
it is mainly dependent on the used comonomers. Since inverse
vulcanisation can be conducted in bulk and has an extremely
high atom economy of close to 100%, with minor losses to the
evolution of by-products such as H,S, the E-factor can be
considered to be close to 0 (Table 3).2* This factor will change
when the reaction is conducted with additional solvents or
catalysts. Furthermore, since sulfur itself is a waste product
from oil refining and most of the used comonomers are also
cheap chemicals from oil refining, the overall E-factor of inverse
vulcanisations can be assumed to be very low.

However, since the E-factor does not account for the energy
input, additional tools such as life-cycle assessments have to be
employed to understand a more detailed and in-depth envi-
ronmental impact of inverse vulcanised polymers. So, what the
E-factor accounts for regarding sustainability, is a simple
calculation of the waste generated by polymer production and
processing but does not account for other inputs and outputs. It
is a tool that gives scientists in the lab the chance to quickly
choose a synthetic route that reduces waste, and therefore
environmental impacts related to chemical waste. Yet this
perspective should have shown that waste is only one small part
of a very complex system when it comes to sustainability. As for
many other tools, data availability and data quality are crucial
and still very limited. However, the biggest point of criticism is
that it does not account for an environmental impact. Because
waste is reduced it can be assumed that the environmental
impact decreases, but it does not provide measurable evidence
to connect waste reduction and environmental impacts. At the
same time waste reduction can also simply mean a reduction of
costs, which is rather an economical point of view. So, the E-
factor can act as an incentive to integrate measures regarding
sustainability through an easy way, yet to fully incorporate
sustainability, the measurement and understanding must go
further using tools that measure environmental impacts, one of
which is discussed in the following section.

Table 3 E-factors in the chemical industry and an estimated E-factor
for inverse vulcanisation

Sector tonnes per year E-factor

0il refining 10°-10° <0.1

Bulk chemicals 10*-10° <1-5

Fine chemicals 10%-10* 5-50
Pharmaceuticals 10-10° 25->100
Inverse vulcanisation <1 <0.1-5 (ref. 205)
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A guideline for future life-cycle assessments

Although inverse vulcanised polymers are increasingly di-
scussed in the context of sustainable materials, their environ-
mental performance has not yet been quantitatively assessed.
Existing literature often refers to presumed ecological advan-
tages, but these are typically not supported by comprehensive
data.®3399196206207 §g far, no comprehensive, publicly accessible
LCA has been conducted for inverse vulcanised polymers. In the
following section, the methodology of LCA is introduced, and
important aspects to consider in the environmental evaluation
of polymers - particularly in the case of high sulfur polymers -
are discussed.

Methodology

The LCA is an instrument for estimating the environmental
impact of products or systems over their entire life cycle, from
the extraction of raw materials through production and use to
disposal.®® In addition to economic and technical aspects, the
ecological impact can be a decisive indicator for making well-
founded decisions or evaluating measures. Sustainable devel-
opment - meeting present needs without compromising the
ability of future generations to meet their own needs®® -
requires compliance with planetary boundaries®” such as
climate change, biosphere integrity or changes in terrestrial,
freshwater, and oceanic systems. As a quantitative method, the
LCA offers valuable guidance as part of the sustainability
concept. It enables industry and policymakers to comprehen-
sively record the actual ecological footprint of a product, as it
not only considers individual factors such as CO, emissions but
also includes various impact categories.

The International Organisation for Standardisation has
standardised the process with two standards: DIN EN ISO 14040
sets out the principles and framework conditions for life cycle
assessments, while DIN EN ISO 14044 defines the requirements
for their implementation.>*®>*

The process of an LCA is defined and comprises four phases
(Fig. 15). The first phase consists of the definition of objectives
and the scope of the study, which determines the framework
and content of the study.”®” The second phase is the life cycle
inventory, in which all data on the system's relevant input and
output flows defined in the first phase are collected and

Framework of the LCA
> —_—

Product
development &
improvement

Strategic
planning

Inventory Analysis,

" evaluation, Applications
analysis 5
Interpretation
Public policy
making
Impact
assessment | ) Marketing

228

Fig.15 The four phases of a LCA include goal and scope definition, life
cycle inventory, impact assessment, and interpretation. It is an iterative
process that supports application in decision making.
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calculated.*** These flows include categories such as energy, raw
material and operating material inputs, products, co-products,
waste and emissions to air, water and soil.?*

For better comparability, all recorded flows are related to the
functional unit that describes the quantified benefit of the
system.®® The third phase is the impact assessment, which uses
the life cycle inventory to determine the potential environ-
mental impacts of the system. It comprises the selection of
impact categories, the classification of the life cycle inventory
results, and the characterisation of the impact indicators.
Optionally, standardisation and weighting of the indicators can
follow.>*” In the final phase, the results are analysed and inter-
preted in the scope of the objective in order to derive conclu-
sions and recommendations for action.**

Key issues in ecological assessments of polymers

To address the environmental and human health impacts of
plastics, it is essential to conduct an LCA that evaluates the
entire lifecycle of plastics, from production to disposal. LCA
methodologies provide a comprehensive understanding of the
environmental issues associated with plastics, such as green-
house gas emissions, land use, eutrophication, and toxicity. For
example, an LCA methodology used by Ghent University's
Sustainable Systems Engineering Group highlights the diverse
environmental impacts linked to each stage of the plastic life-
cycle” When assessing novel materials such as inverse
vulcanised polymers, it is critical to evaluate their environ-
mental performance in replacement scenarios, where they are
intended to substitute less sustainable polymers. Moreover,
LCA plays a crucial role in assessing the environmental
sustainability of polymers not only in cradle-to-gate and recy-
cling scenarios, but also in use-phase contexts, such as
extended product lifetimes and avoided impacts through
functional replacement. A review of 43 LCA studies reveals that
fossil-based, petrochemical polymers are responsible for
significant environmental impacts, especially during produc-
tion and end-of-life management. Recycling of these polymers
is effective in reducing energy consumption and mitigating
some of the environmental impacts compared to the produc-
tion of virgin polymers. However, bio-based polymers, although
considered more sustainable in certain aspects, tend to require
more agricultural land as indicated by LCA results.”**

Conducting an LCA of inverse vulcanised polymers involves
addressing several critical factors to ensure accurate, robust
results. Sulfur polymers can offer potential environmental
benefits compared to conventional plastics. However, due to
their novelty and unique synthesis processes, there are specific
challenges in data quality, methodological approaches, and
managing uncertainties. This section discusses these key
considerations and proposes approaches for a scientifically
rigorous LCA of such polymers.

Data quality

Data quality depends on accuracy, completeness, representa-
tiveness, and consistency. High-quality LCAs rely on reliable
primary data, comprehensive process coverage (geographical,

4220 | RSC Sustainability, 2025, 3, 4190-4227

View Article Online

Critical Review

temporal, and technological), and consistent modelling to
ensure comparability and reproducibility.*®** For inverse
vulcanised polymers, accurate environmental impact calcula-
tions require comprehensive data on monomer and sulfur
inputs, including their origin and quantity. Energy consump-
tion in their synthesis also demands attention. Production often
involves high temperatures or the use of catalysts.

Another key challenge is life-cycle inventory data availability.
As inverse vulcanised polymers are relatively new, obtaining reli-
able data specific to their production processes is often difficult.
Since they have not yet reached the industrial scale, it is crucial to
collaborate with manufacturers to collect valuable primary data. If
there is no primary data, using proxies from similar polymer
production processes can serve as a temporary solution.

Framework and methodological decisions

Comparing inverse vulcanised polymers to conventional plas-
tics or other specialised polymers enables a clear assessment of
their relative environmental impacts, particularly in terms of
resource consumption, waste generation, and emissions. This
approach helps to contextualise their potential advantages and
disadvantages compared to those of existing materials.

End-of-life scenarios are crucial in LCA. Frischknecht high-
lights two main approaches: the cut-off method assigns recy-
cling impacts to the product using secondary materials, while
the avoided burden approach credits the recycling product
system for displacing primary production, promoting forward-
looking material use and design for recycling.®®***

Understanding the end-of-life characteristics of polymers is
essential, as their degradation pathways can differ significantly
from those of conventional polymers. These pathways may
produce unique by-products with varying environmental
impacts, which need careful assessment in both natural and
industrial waste-processing contexts. Additionally, the recycla-
bility of inverse vulcanised polymers—whether they can be
mechanically or chemically recycled, or if they require speci-
alised handling—must be analysed to determine their contri-
bution to a sustainable lifecycle. Potential repurposing or reuse
can further enhance sustainability.

LCA is also essential for evaluating strategies that extend
product lifetimes. These approaches can significantly reduce
environmental impacts by delaying end-of-life processes and
avoiding the production of new goods. LCAs can quantify these
benefits by accounting for avoided resource extraction, energy
use, and emissions. A consistent LCA framework enables fair
comparisons between extended-use strategies and conventional
linear models.

When quantifying the environmental impact, it is important
to use the appropriate impact categories and impact analysis
models. For this purpose, various midpoint and endpoint
indicators developed to describe environmental
impacts.”’® The impact categories most widely analysed in the
literature for plastics recycling are global warming potential,
ozone depletion, acidification potential and eutrophication
potential. Furthermore, established categories such as land use,
ecotoxicity and human toxicity follow.”**

were
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Uncertainty

The relative novelty of high sulfur polymers introduces signifi-
cant data uncertainty. Key uncertainty types in LCA include
parameter, scenario, and model uncertainty, with methods
such as sensitivity analysis and Monte Carlo sampling
commonly applied to address these. Basic approaches involve
defining minimum and maximum values for parameter uncer-
tainty and exploring alternative scenarios to capture context or
model structure uncertainty, supported by qualitative discus-
sions. Intermediate methods refine uncertainty character-
isation with probability distributions and expert-reviewed
scenarios, often analysed using Monte Carlo simulations.
Advanced techniques include screening uncertainty sources
exhaustively, incorporating correlations, validating models, and
applying global sensitivity analysis for a more comprehensive
assessment.>****

In conclusion a comprehensive LCA of inverse vulcanised
polymers should carefully address data quality, establish clear
comparative baselines, assess end-of-life treatments, evaluate
a broad range of environmental impact categories, and explore
potential for circularity. Accounting for uncertainty through
sensitivity analysis and considering the effects of scale-up can
further strengthen the assessment. By following these key
issues, researchers can achieve a robust, scientifically valid LCA
that accurately reflects the environmental profile of inverse
vulcanised polymers.

Life-cycle costing

At the end of the day, sustainability must be affordable. To
develop an industrially feasible, full-scale process, a thorough
techno-economic assessment is essential. Several process
simulation tools are available for such studies; among them,
Aspen Plus is one of the most widely used commercial options,
while DWSIM offers a reliable free and open-source alternative.
A basic flow sheet that includes the essential components of
a production plant provides a strong foundation for a mean-
ingful analysis. Both capital expenditures (CAPEX)—the initial
investment—and operational expenditures (OPEX) must be
considered. In the context of inverse vulcanisation, several key
factors are expected to significantly influence OPEX:

e Raw material costs: the primary reactants—sulfur (typically
~£224/t from bulk sources) and comonomers (£787/t)—directly
affect production costs. While sulfur is inexpensive, comono-
mers represent the most significant and often prohibitive cost,
making their affordability critical for market competitiveness.
Transportation costs may also contribute to the total raw
material expense.

e Energy requirements: IV processes require substantial heat
input, making energy costs a major operational consideration.
Implementing heat integration strategies, such as reusing
process heat, can help reduce external energy demand, cut
costs, and improve sustainability.

e Emission control: sulfur compound emissions, particularly
hydrogen sulfide and sulfur dioxide, necessitate an efficient
exhaust after-treatment system to capture and neutralise
harmful gases.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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By addressing these factors early in the design process,
a more cost-effective and sustainable industrial IV process can
be achieved.

Outlook

There is no doubt that inverse vulcanised polymers are a highly
promising class of materials that can emerge to contribute to
global challenges in the fields of environmental pollution,
energy storage, construction or even agriculture. After di-
scussing all aspects of the potential lifecycle of inverse vulcan-
ised polymers, the only question remaining is: can it really be
sustainable? The short answer is: it depends. The long answer
can be separated into the three pillars of sustainability.

Environmental

One of the most direct environmental benefits of inverse vulca-
nisation is the valorisation of elemental sulfur, which is otherwise
stockpiled and poses environmental harm. While the long-term
environmental fate and degradation pathways of inverse vulcan-
ised polymers themselves remain under investigation, initial
studies suggest a low risk profile. Nonetheless, further research is
needed to fully understand their lifecycle and ecological impact to
ensure that they are a more environmentally friendly alternative
to their commodity counterparts in certain applications. Addi-
tionally, the integration of renewable and waste-derived como-
nomers—such as used cooking oils and upcycled plastic waste—
marks a promising step toward a circular economy and especially
lower carbon footprints compared to their fossil derived como-
nomers. However, it is important to note that “renewable” does
not automatically equate to “sustainable,” as some bio-based
monomers fail to demonstrate an improved carbon footprint
compared to petrochemical alternatives. Factors such as water
and land use for crops also play a crucial role in terms of
sustainability. A holistic evaluation of feedstock sourcing and
processing is therefore essential.

Economic

Affordability and scalability are probably the most critical
aspects for the broader adoption of more sustainable technol-
ogies in general and therefore inverse vulcanised polymers as
well. Fortunately, the economic case is strong: elemental sulfur,
as well as most of the comonomers used so far, is an abundant
and inexpensive feedstock, and many polymerisation processes
can be carried out without solvents or expensive catalysts.
However, to maximise both economic and environmental
benefits, synthesis must be efficient, and supply chains must be
optimised. Controlling the highly exothermic reaction and
making use of the generated energy is crucial to minimise
energy input and therefore GHG emissions. This also highly
depends on the comonomers used and therefore the respective
application. In many cases however, the location of production
facilities and the associated transportation requirements are
among the most significant contributors to production costs as
well as environmental impact. Especially for bulk materials, the
production should be as close to the sulfur source as possible. A
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truly circular process will also require investment in end-of-life
treatment strategies tailored to these materials, starting with
collections and sorting, which is the most critical part to achieve
high value secondary products, and ending with appropriate
technologies to maximise the value of the outcoming products,
such as mechanical or chemical recycling, repair or remanu-
facture as well as repurposing of existing materials. Biodegra-
dation should only be considered as a worst-case scenario when
a material is released uncontrolled to the environment.

Social

The implementation of inverse vulcanisation technologies at an
industrial scale has the potential to create new employment
opportunities, particularly in regions where sulfur and
compatible feedstocks are readily available. Additionally, the
development of cost-effective and high-performance materials
from waste streams could enable more equitable access to
advanced materials, particularly in applications such as
construction, energy storage, or environmental remediation. By
converting industrial by-products into valuable resources, we
can not only reduce environmental burdens but also drive
innovation in socially impactful ways. Yet, negative impacts
such as highly exothermic reactions that can undergo thermal
runaway and toxic emissions like hydrogen sulfide have to be
taken into account. Again, these factors can be controlled by
choice of comonomers as well as respective plant design, but
still pose reasonable risks for work safety.

Future directions

To fully unlock the huge potential of inverse vulcanised mate-
rials as a more sustainable alternative for many applications,
future progress will depend on the integration of fundamental
chemistry, process engineering and environmental science.

A critical scientific priority lies in advancing our under-
standing of the reaction mechanisms and resulting polymer
network structures. The inherent complexity and diversity of
sulfur-rich cross-linked systems call for detailed mechanistic
studies, which will enable precision design of polymer architec-
tures tailored to specific applications. Another way to introduce
better control and safety is the development of sulfur containing
monomers that are then polymerised in a controlled manner.
This has been proven to be a complementary concept to
conventional inverse vulcanisation by Pyun et al. by the reaction
of sulfenyl chloride with various allylic monomers to develop
linear polymers and segmented block-copolymers.”*® Chalker
et al. demonstrated that trisulfides are an effective alternative
feedstock for the synthesis of IV-like polymers in electrochemical
and S-S metathesis polymerisations.**** In this context, compu-
tational chemistry—supported by machine learning and artificial
intelligence—has the potential to accelerate materials discovery
by predicting structure-property relationships, reaction path-
ways, and performance under targeted conditions. This deeper
chemical insight will then help the design of scalable and safe
industrial processes. The development of continuous or bulk-
scale reactor systems for effective heat management strategies
will be a major success factor. Additionally, catalytic systems
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could help in lowering the energy threshold for inverse vulcani-
sation, reducing thermal risk and enabling milder reaction
conditions. Catalysis may also expand the monomer scope,
leading to greater versatility in polymer design.

From a technological and societal perspective, it is essential
to improve communication and visibility of inverse vulcanised
polymers within the broader scientific community. Increased
awareness can foster interdisciplinary collaboration, draw new
talent into the field, and catalyse further research. At the same
time, small-scale field trials in real-world applications will be
vital to demonstrate practical utility and build confidence
among industry stakeholders and end users.

On the environmental front, comprehensive investigation
into the environmental impact of sulfur-based polymers
remains a pressing need. This includes studies on biodegrad-
ability, bioaccumulation, toxicity to microorganisms and
ecosystems, and potential human health effects. Understanding
these aspects is crucial not only for regulatory approval and risk
assessment but also for gaining public trust and broadening
societal acceptance.

As inverse vulcanised materials approach commercialisa-
tion, their integration into existing waste management systems
becomes increasingly important. Future work should address
strategies for effective end-of-life treatment, including cleaning,
sorting, and recycling of high sulfur polymer products from
mixed waste streams. The development of such systems must be
considered early in the design phase of both materials and
products.

Ultimately, the sustainability of these polymers can only be
fully understood through methods such as life cycle assessment
(LCA), encompassing resource extraction, polymer synthesis,
product use, and end-of-life scenarios. These studies must be
grounded in real-world data and consider environmental,
economic, and social dimensions to determine whether inverse
vulcanised polymers can truly offer a lower-impact alternative to
conventional materials.
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